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Preface to 1941 Viking Edition 


{N wIs previous book, The Birth and Death of the-Sun, — 
the author endeavored to present a picture of the wide 
world of stars and giant stellar families, among which even 
our Sun is but a small, inconspicuous body and the Earth 
an insignificant speck, merely a tiny “observation plat- 
form” for fantastic excursions into the endless universe. 
But let us take an imaginary lens and study somewhat 
more closely the little dark globe carrying our destiny. 
We shall find that the remainder of the Sun’s “eternal 
fire’ is still burning deep under our feet, and telling us — 
the story of days long past when our planet was born 
from the Sun, its mother, as the result of a brief but 
violent encounter with a passing star. In the familiar con 
tours of continents we shall discover a deep scar that will 
always remind the Earth of the birth of its only daughter, 
the “beautiful Moon.” We shall follow the successive 
stages of the Earth’s evolution from its early molten state 
in infancy through the violent volcanic upheavals and 
mountain formations of adolescence to its final thermal 
death in the far-distant future. We shall also see the ongin 
and development of that most peculiar phenomenon 
called “life,” which makes our little Earth so much more 
exciting than the most gigantic star. a 
In discussing the history of life, the author trespasses 
on a scientific field far removed from his own specialty. 
The only excuse he can give for doing this is that, while 
still a school boy, he happened to read Conan Doyle’s 
book, The Lost World, and, being strongly impressed by 
the unusual adventures of Prof. Challenger in the land of 
prehistoric monsters, spent more than a year studying — 
paleontology. In factet that time he was able to tell a — 
dinosaur from a cat by Oh: shape of their little toes. | 
GrorcE GaMow 
George Washington University 
January 1941 
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Preface to Mentor Edition 


Since Biography of the Earth was first published in 1941 
many changes have taken place in our ideas concerning 
the origin of the planetary system. During World War II, 
when the opposing armies were destroying one another 
on the battlefields of Europe and Asia, and aerial bombing 
was shattering many of the big cities of the world, an im- 
portant article entitled “Uber die Entstehung des Plane- 
“tensystems” (Zeitschrift fiir Astrophysik. Vol.°22..1944) 
was published by a young German physicist, G. F.yvou 
. Weizsacker. 
This important work turns the tables in the centuries- 
old feud between proponents of the Buffonian “collision 
fheory” and those who adhered to the Kant-Laplacian 
-“ving-theory” of the planetary origin. Now it seems amply 
demonstrated that the sun produced its system of planets 
without the help of any intruder from interstellar space. 
This important “change of mind” of modern physics 1s 
~ described in the special section: “Laplace was right atter 
alll’ * added at the end of the second chapter of this edi- 
_ tion. | 
Otherwise the edition is essentially unchanged save for 
the correction of a few misstatements and misprints in 
the original text. 
GEORGE GAMOW 
George Washington University 
December 25, 1947 | 


_ * This section is taken from the more recent book of the author. 
One, two, three . . . infinity, Viking Press, 1947. 


Ser ick LEE ore, oy oe ee oe oa) ‘ 
r 76 “ee a3 Een 8s tet ae - + ct oe © OF at, tl 
- ad. i. a =) ‘ Or 


¥ “ ee ry % 
CS ey cc 
Contents ae 
. ee | PACE é 
PREFACE hes vin 
PREFACE TO MENTOR EDITION vii 
NOTE ON UNITS OF MEASUREMENT xi 
CHAPTER __ | i 
1, THE AGE OF THE EARTH i 


The Date of Birth; The Age es the Oceans; The Age of the 3 
Rocks 2 


2. THE BLESSED EVENT 7 
The Sun Meets Its Spouse; Could the Planets Have Been Born _ 
without a “Father’’? The Tidal Theory; How Planetary Orbits _ 
Became Circular; The Sun’s Grandchildren; Planetary Frag- 


ments and Saturn’s Ring; Is Our Planetary ‘System Uniquely of e 
Laplace Was Right After All! 4 


3. THE EARTH BEARS A DAUGHTER 42.9 
Our Moon Is “Something Different”; The Resonance Theory; — S| 
How the Moon Escaped; Tides on the Moon; The Face of — a 
the Moon; The Scar of Rupture ; 

E 
4. THE FAMILY OF PLANETS 60 a 
Comparative Planetology; Fugitive Molecules; The Atmos- 3 


pheres of Planets and Satellites; Conditions for Life on the — 
Planets; The Arid Face of Mars 4 


5. JOURNEY TO THE CENTRE OF THE EARTH 71 © 
The Deeper the Hotter; Solids That Flow and Liquids That 
Crack; Floating Continents; The Tides in Rocks; What Good 
Are Earthquakes?; T he, Deep Interior; The Mystery of the a 
Compass Needle ye: 


oS 


CONTENTS 


CHAPTER PAGE 


6 THE RISE AND FALL OF MOUNTAINS 95 


The Cooling of the Earth; Radioactivity of the Earth’s Crust; 
How Hot Is the Centre of the Earth?; The Wrinkles on the 
Earth’s Face; Some Details of Mountain Folding; Upside- 
Down Mountains; The Rains versus the Mountains 


7. THE EVOLUTION OF CONTINENTS 109 
Is America Drifting Away from Europe?; Reconstructing the 
“Book of Sediments’; Chapters and Paragraphs of the “Book 
of Sediments’; The Earliest Fragmented Pages; Three Com- 


plete Chapters of the “Book of Sediments”; The Beginning 


of the Most Recent Chapter; Cinematographic History of 
North America 


8. CLIMATES OF THE PAST 138 
We Live in a Glacial Epoch; It Used to Be Warmer; Do the 
Poles Wander: across the Earth’s Surface?; What Caused 
Periodic “Cold Waves’’? | 


9. LIFE ON THE EARTH 155 
The Origin of Life; Is the “Life-Creating” Process Continuing 


gt Present?; The First Steps of Organic Evolution; The Great 
Middle Kingdom of Reptiles; The ‘Milk Age” 


10. A GLIMPSE INTO THE FUTURE 180 


The Impending Catastrophe of Mountain Formation; The 
Next. Glacial Period; The End of the Cainozoic and the 
Following Chapters; The Fate of the Moon; The Sun Will 
Close the Show; Conclusion 


INDEX 192 


. Egyptian version of the creation of the world 

. Collision between the Sun and a passing star (after Buloe 
. Rotating acrobat 

. Action of tidal forces on a deformable body ee 
. The Sun emits a gaseous filament, which is later broken _ 


. Showing why planets as well as automobiles must follow 
. The system of planets, showing relative distances from 


. Family album of the planets, showing satellites 
. Two schools of thought in COMMOZODY 3 
. The formation of big lumps of “terrestial’ material re <a 


- Circular and elliptic motion as viewed from a resting (a) 


. Dust-traffic lanes in the original solar envelope 
. Behaviour of a liquid body subject to strong tidal force 
. Diagram of the forces that retard the Earth’s reatation and 


. Figure of the Moon as seen from its pole 

. Appearance of the Moon’s surface if water were present 

. World map, showing extent of granite layer 

. The Earth’s surface as it would look if the Moon had not 


. Graph of temperatures in the Earth at different depths < 
. Diagram of a volcanic eruption 

. Structure of the Earth’s solid crust 

. Michelson’s apparatus for the study of tides under lab- 


. The main centres of present earthquake activity 

. Diagram of a simple seismograph 

. Pressure and shear waves in a solid rod 

. Seismogam of a distant earthquake 

. Three routes of earthquake waves 

. Arrival time of earthquake waves at different distant points 
. Earthquake shadow zoye, with centre in Peru 


Figures 


into separate planets (tidal theory) 
the direction of general motion 


the Sun 


sulting from collisions between dust particles 


and a rotating (b) co-ordinate system 


push the Moon farther away 


broken away 


oratory conditions 


FIGURES xi 
PAGE 
. Origin of earthquake shadow zone 91 
31. Section of the Earth, showing central iron core 93 
- 32. Mountain folding as result of compression of continental 
a massifs 103 
_ 33. “Eggshell” and “iceberg” theories of mountain structure 105 
34. The mountain grows anew while being eroded by rain 109 
_ 35. Relative position of fragments of Earth’s crust immedi- 
= ately after the separation of the Moon 110 
36. Equatorial pull on Manhattan Island 111 
37. Map of the world as it might look if separation of con- 
tinents had not stopped 112 
~ 38. How periodic elevations of the grourd spoil the contin- | 
. uity of geologic records 116° 
~ 39. Putting together disconnected fragments of the “Book of | 
a Sediments” LAT 
~ 40. Divisions of geologic time 121 
41. Three great mountain-folding revolutions of the last 300,- 
4 000,000 years 126 
~342.—49. Cinematographic history of North America (2,000,- 
° 000,000 s.c. to the present) 130—137 
— 50. Cainozoic glaciation in the Northern and Soutier Hemi- 
re 3 spheres 140 
~ 51. Maximum extension of the last three glacial sheets over 
Europe 141 
_ 52. Distribution of vegetation zones in the Northern Hemi- 
a sphere prior to the glacial periods ice. 
_ 53. Hypothetical migration of the North Pole 146 
_ 54. Familiar explanation of the seasonal changes in the North- 

: ern and Southern Hemispheres 149 
-* 55. Variations of the elements of the Earth’s motion ey: 
56. Temperature variations during summers at 65° north © 

latitude 154 
| 57. Action of water molecules on colloidal particles 159 
-. 58. Coagulation and coazervation 160 
_ 59. Prehistoric picture of a mammoth 178 
-s 60. The evolution of man 179 
+ 61. Diagram for predicting future glaciation periods and heat 
ro spells 183 
se 62. Comparative chart of past and future events in the biog- 
raphy of the Earth 190 


; cps fa sm ™ Beta or. 
eee] an 
Se 
Note on Units of Measurement - 
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In THIs BooK the decimal metric system, universally 
employed in scientific research, is used. For those __ 
readers who are more accustomed to feet, pounds, 
and the Fahrenheit temperature scale, we give the 
following table of metric equivalents: a 
1 centimetre=0.39 inch 
1 kilometre=0.62 mile 

1 gramme= 0.035 ounce 
1 kilogram=2.20 pounds 


To convert into Fahrenheit the temperatures a 
here given in degrees Centigrade, multiply by a 


Le 
and add 32 (e.g., 20° C. is the same as 202432 a 
=68° F.). | | 


Data about the Earth a 
Polar diameter 12,713.8 km. (7883 miles) 
Equatorial diameter 12,756.8 km. (7909 miles) 
Total mass 5.981072 metric tons © 


al 


| IIa. 
IIs. 
Ill. 


List of Plates 


Sprrat Nesuta 1n Ursa Major 

Hatiey’s Comer 

ZODIACAL Licut 

Futt Moon, SHowinc Maria AND CRATERS 
Moon’s Surrace, wirn Derarts or CRATERS 
A PHASE oF VENUS 


. Mars 


Two Views or Mars, PHotocraPHep By ULTRA: 


VIOLET LIGHT AND BY INFRARED Licut 


. A Croup In Mars’s ATMOSPHERE 


Martian CANALS, AFTER TRUMPLER 
JUPITER 


. SATURN 


CRACKS IN THE Eartu’s SuRFACE PRODUCED BY A 
VIOLENT EARTHQUAKE 


. SEDIMENTARY Rock 


Rocks at SoLENHOFEN, BAVARIA 
CAMBRIAN SANDSTONE 


. Fossix. TRiLospires 

. TyRANNosAURUS REx 

. Dinosaur Eccs 

. EARLY PaLawozoic OcEAN SHORE 


FLoRA OF THE MippLE Patmozoic ERA 
EARLY PERMIAN REPTILES 


. Diptopocus; Brontosaurus; STEGOSAURUS 
. TyRANNOCSAURUS REx; TRICERATOPS 
. IcuTHYOSAURUS; PLESIOSAURUS 


PTERODACTYLS; PRenistoric TuRTLE 


ENTELODONTS; 
CAMELS 


Miocene Horses, RuINOCEROSES, 


. MAMMoTHS 


_ THe DATE OF BIRTH 
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1. The Age of the Earth 


“Tur EARTH was born in the year——.” T his is how Chap-. 
ter I is supposed to begin, according to the best traditions. 
of biography. But, before filling in the blank space, we 
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FIGURE 1 | 


Egyptian version of the creation of the world. The god of the air, 

Shu, son of the Sun-god Amon-Ra, separating his sister Nut, the sky, 

from his brother Keb, the Earth. Amon-Ra himself was born of the 
lotus flower growing on the surface of the primordial ocean. 


might ask whether we may not assume that the Earth has 
existed through all eternity and has always been very much 
the same as we know it at present. | 

It seems, however, that the idea of the eternity and per- 
manence of our world never appealed to the human mind, 
and from the very beginning of thought men have always 
tried to imagine some kind of creative process that made 
the world as it is now. Virtually all ancient religions—which 
were, essentially, the first attempts of the awakening intel- 
lect to find its place in the surrounding world—discussed 


the problem of creation at considerable length. The separa- 
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tion of the Earth from the sky by the Egyptian god Shu _ 


(Figure 1) and the familiar, elaborate system of Jehovah’s 
six days of creation are typical of such attempts. In spite 


of their highly fantastic character, all these early cos- 


mogonic systems contain one fundamental truth: the whole 


universe, and our Earth in particular, were actually formed 


from previously unorganized matter, or chaos, in some far 
distant past. 

Astronomical evidence clearly indicates that the multi- 
tude of stars we see in the sky—our own Sun among them— 
could not have existed eternally and were probably formed 
earlier than some two billion years ago from the hot primor- 
dial gas that previously filled all the universe.* 

But, as we are chiefly concerned with our own little planet 
in this book, let us shrink our horizons and ask ourselves 
specifically about the age of the Earth. How long has the 
surface of the Earth possessed such familiar features as 


_ oceans, seas, land, and mountains, and how long can our 


- globe have existed as an individual celestial body? 


i ae 


_ Tue AGE OF THE OCEANS 


Let us first turn to the oceans and seas that now cover 
nearly three-quarters of the surface of our planet. How long 
have they been in existence? To obtain the answer to this 
question, all one has to do is to swallow some water while 
bathing in the surf and then to think about it a while, the 


_ thinking, of course, being more important than the swallow- 


— 


ing. Everyone knows that ocean water is salty, but few are 
aware that this salt was brought into the ocean by the so- 
called sweet waters of rivers and creeks during tremendously 
long geological epochs in the past.t Flowing across the 
Earth’s surface in mountain streams, creeks, and rivers, 
water slowly wears away even the hardest rocks, carrying 
their substance into the seas and oceans. The insoluble 
parts, carried along by rivers as a thin suspension and giving 
the water a muddy appearance, are deposited on the bottom 
of the sea in ever-growing layers of sediment. The salts re- 
main in solution and steadily increase the salinity of ocean 
water. Under the action of the rays of the sun, great quan- 


* The problem of the ‘‘creation”’ and evolution of the stellar universe is discussed 
by the author in his book, The Birth and Death of the Sun (New York, Viking 
Press, 1940). 

t As we shall see later (p. 122) geological evidence clearly indicates that during 
the early periods of their existence the oceans consisted entirely of sweet water. 
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ities of water evaporate from the ocean’s surface and fall 


back on the earth in the form of rain or snow, to begin 
their undermining work all over again, but the salts 1 remain 
_ permanently in the ocean. 

The fact that the present salinity of ocean water is only 


about one-tenth of what would correspond to saturation is 
conclusive proof that this accumulation of salt required a 
finite period of time. If we divide the total quantity of salt 
now dissolved in the ocean by the amount that rivers carry 


into solution annually we can get a figure for the age of 


_ the oceans themselves. The quantity of salt dissolved in the 


oceans can be readily estimated from the total volume of 
ocean water (1,500,000,000 cubic kilometres) and the meas- 
ured salt concentration (3 per cent). The result is a tremen- 


dous figure. If we could extract all this salt, it would form 


a solid block about 20,000,000 cubic kilometres in volume 


(the size of a cube 270 kilometres on each edge), weighing 


more than 40,000,000,000,000,000 tons! On the other hand, 
geologists have estimated that rivers carry about 400,000,- 
000 tons of salt into the ocean each year. Assuming that 
such washing out, or erosion as geologists call it, has always 
proceeded at the present rate, we must conclude that the 


eceans and seas have existed for about one hundred million 


years. 


It is probable, however, that the present rate of erosion. 


is considerably higher than the average rate during past 
geological epochs. As we shall see later, the present features 
of the Earth’s surface, with its numerous towering moun- 
tains and high plateaux, are not at all typical of the average 


_State of the Earth. Such features exist only during com- 


paratively short intervals immediately following the catas- 
trophic events of mountain formation caused by the slow 


shrinking of the Earth.* During long intervals of geologic 


time, when the previously formed mountains were almost 
completely washed off the face of the Earth by the destruc- 
tive action of water and new mountains had not yet risen, 
the surface of our planet was flatter and much less pic- 
turesque than it is now, with vast areas covered by shallow 
seas. In such periods not much land was exposed to erosion, 


and the rivers carried salt to the ocean at a considerably . 


slower rate. Moreover, some of the salt carried into the 

ocean may have been removed by subsequent elevations of 

submerged lands. If this is so, some of the river-borne salt 
* Cf. Chapter V1. 
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is now simply returning to the ocean and must be ded ~>' 
when calculating the total. 

Since these corrections raise the age of the oceans 
estimated above, some ten or even fifteen times, we musi 
conclude that the great bodies of water on the surface of 
the Earth were formed about one or, more probably, one 
and a half-billion years ago. But this definitely represents 
the upper possible limit. If the oceans had existed for a 
much longer period, they would now all be as salty as the 
Dead Sea or the Great Salt Lake! * 

| Before that time all the Earth’s water must have existed 
| solely in the form of atmospheric vapour, which implies that 


| the surface of the Earth must have been extremely hot. 


_ Only after the surface temperature dropped below the boil- 


- Ing point of water did unprecedented showers fall from the 


i sky on the rocky surface of the young planet, filling all 
- depressions and forming the vast oceans and seas we find 
| today. 


THE AGE OF THE Rocks 


But what about the rocks themselves, which form the 
_ Solid crust of our planet? Is there a way of estimating their 
age? Yes, and a very good way indeed. Although at first 
_ sight rocks exhibit no changeable features that tell their 
- age, many of them actually contain a sort of natural clock, 
~ which, to the experienced eye of the geologist, indicates 
_ exactly how long ago a certain rock solidified from its former 
_ molten state. This age-betraying geological clock is repre: 
sented by the minute amounts of the so-called radioactive 
elements, uranium and thorium, often found in various rocks 
taken from the surface or from the depths of the Earth, 

The atoms of uranium and thorium are the heaviest of 
all existing atoms and possess the peculiar property of in- 
_ stability, slowly disintegrating and emitting their constituent 
parts. These splinters, ejected with extremely high velocities 
from the unstable atoms of radioactive elements, are called 
alpha- particles and actually are the nuclei (or atomic cores) 
of ordinary helium atoms. Losing these constituent parts 
one by one, radioactive elements pass through a number of 
intermediate stages and end up as the atoms of the common 
element lead. 


* It may be observed here that salt lakes were formed by the evaporation of great 
bodies of ocean water left on the continents as the result of the recession of the seas. 
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Although the rate of radioactive decay of uranium and © 
thorium is extremely low, it can be measured accurately by 


_ counting the number of alpha-particles emitted by a given 


amount of material during a given interval of time. Such 


counting is made possible by the use of an extremely sensi- 


tive instrument of modern experimental physics, known as 
the Geiger counter, which registers each alpha-particle, that 
is; each single atomic transformation. 
It was found that one gramme of uranium yields 
1 


7,600,000,000 000 gramme of lead annually, the corresponding 


figure for thorium being jo gramme. Hence it 


is easy to calculate that it takes 4, 500 ,000,000 and 16,500,-. 
000,000 years, respectively, for any given amount of ura- 
nium and thorium to be reduced to one-half its size, twice 

as much time to reduce it to one-quarter, three times as 
much time to one-eighth, and so on. The rate of radioactive - 


»decay remains remarkably constant with time and independ- 
‘ent of the pressure and temperature as well as of the chem- 


ical constitution of the surroundings,* so that radioactive 
_ substances represent the most dependable type of time- 


measuring instrument in the world. 

To determine the age of any given rock containing - ura- 
nium or thorium we need only measure the amount of lead 
that has accumulated in the rock as the result of radioactive 
decay. Yet, as long as the material forming the rock was 
in a molten state, the products of disintegration must have 
been continuously removed from the place of their origin 
by diffusion and convection. But as soon as the material 
solidified into rock, the accumulation of lead alongside the 
radioactive elements must have begun, so that the observed 
degree of deposition should give us exact information about 
the time elapsed since solidification took place. 

Applying this method to various rocks taken from differ- 
ent places and different depths, modern geology arrives at 
a rather detailed picture of the solidification times of dif- 
ferent parts of the Earth’s crust. The general result of this 
survey reveals an extremely important fact: no rock exhibits 
an age of more than two billion years (the oldest rocks 
known are in Karelia, Finland, with an age of 1,850,000,000 


*In fact, the German physicist Carl Von Weizsacker has calculated that these 
heavy elements. would have to be subjected to the temperatures of several billion 
degrees and pressures of several billion atmospheres to influence their rate of 


_ transformation. 
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_ years, and in the Black Hills, South Dakota, with an age 
of 1,460,000,000 years), from which we must conclude that 
the solid crust of the Earth was formed from previously 
molten matter not more than about two billion years ago. 

We can now picture our Earth two billion years ago: a 
completely molten spheroid, surrounded by a thick atmos- 
phere of air, water vapour, and probably other easily 
volatile substances. But this molten state could have repre- 
sented only a comparatively short transitional phase in the 
evolution of our planet, because the formation of a solid 
crust on the molten surface would have taken only some : 
ten to twenty thousand years, owing to rapid cooling by 
radiation into surrounding space. 

If we see a sizzling steak, we naturally conclude that it 
was just taken from the stove. In exactly the same way — 
we must conclude that the materials now forming our Earth — 
were separated from some permanent reservoir of intensely — 
hot matter and began to cool down as soon as the separa- 
tion took place. And, of course, there can be hardly any 
doubt that this maternal reservoir of hot matter was our 
Sun, about which the Earth and the other planets have been 
revolving like a group of faithful children ever since their | 
birth. We cannot dwell in detail here on the question of — 
what keeps the Sun itself so hot; we will only observe that 
extremely large masses of matter develop in their interior 
certain sources of subatomic energy, closely allied to the 
radioactive phenomena mentioned above, which supply them 
with light and heat for many billions of years.* This does 
not apply, however, to the smaller masses separated frcm 
the main body of the Sun, which, losing their connexion 
with the sources of solar energy, rapidly cool and form solid> 
crusts on their surfaces. Only in the central parts of these 
“solar drops” has the original solar heat persisted for a 
longer time, revealing itself to the inhabitants of their rocky - 
surfaces by occasional outbursts of volcanic activity. The — 
pedantic reader may now turn back to page 1 and insert 
the year 2,000,000,000 B.c. in the blank space for the 
Earth’s birth date, with the additional remark that its 
mother was the Sun. 2 


* For details see the author’s book, The Birth and Death of the Sun (New York, 
Viking Press, 1940; also Pelican Mentor edition, 1946). 


22 The Blessed Event 


Tue Sun MEEeEtTs ITs Spouse 


Now that we have the Earth’s date of birth and its mother’s. 
name, the next natural question to ask is: ““Who was its 
father, and exactly how did it all happen?” 

The first attempt to answer this question was made about 
wo centuries ago by the celebrated French naturalist 
Georges-Louis Leclerc, Comte de Buffon, in one of the forty- 
four volumes of his Histoire Naturelle, which is probably 
the most brilliant and comprehensive study of natural 
science ever written. Buffon described the formation of the 
planetary system as the result of a violent collision between 
the Sun and some foreign celestial body which he called a 
“comet.” His use of this word for the “father” body that 
caused the birth of our Earth was certainly due to the lack 
ef contemporary knowledge about the nature of comets 
rather than to any doubt in his mind concerning the kind 
of body required to produce the effect. We know now that 
comets actually contain extremely small amounts of matter, 
in spite of their resplendent appearance and tremendous 
length; they are pithily characterized by Prof. Henry Norris 
Russell as “airy nothings.” (Plate IIA.) Their seemingly 
bulky heads most probably consist of a loose swarm of smal! 
meteorites with a total mass hundreds of thousands of times 
less than that of the Earth, and their beautiful tails consist. 
of an extremely rarefied gas with a density a million times 
gmaller than that of atmospheric air. The collision of such 
a comet with our Earth would scarcely result in anything 
more than an exceptionally brilliant meteoric display. What 
Buffon actually meant, as can be seen from Figure 2, drawn 
after an illustration from his Natural History, was the col- 
lision of the Sun with another star of comparable size. 

As the result of this violent impact between the two 
parent stars, various-sized bits of stellar matter must have 
been thrown out from the two gigantic bodies, and (if the 
collision was not exactly head-on) the whole system must 
have been set in rapid rotation. Some of the collision frag- 
ments were probably lost forever in interstellar space, while 
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others, held by the gravitational attraction of the central 
body, were forced to continue revolving about the Sun in 
the form of separate planets. oh 


The collision between the Sun and a passing star (after Buffon). 


This would explain in a wholly natural manner why all 
the planets of our system revolve in almost the same plane, — 
and in the same general direction of the Sun’s rotation about _ 
its own axis. 


COULD THE PLANETS HAVE BEEN BorN WITHOUT 
A “FATHER’’? } 
These cosmogonic views of Buffon—which, as we shall 
see later, came extremely close to the truth—were violently 
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criticized by the celebrated French mathematician Pierre- 
Simon, Marquis de Laplace, in his book Exposition du Sys- 
'teme du Monde, which appeared in 1796, eight years after 
Buffon’s death. Laplace’s chief criticism of Buffon’s views 
stressed the fact that matter ejected from the surface of the 
Sun in such a collision would have to revolve around it in 
greatly elongated elliptical orbits, whereas the planets pur- 
sue, as we know, almost circular paths. 
_ to replace Buffon’s “two-parent theory,’ Laplace there- 
fore proposed the theory* that the Sun produced the plan- 
‘etary system “all by itself,” as the result of a terrific inter- 
“nal explosion that threw a part of its atmosphere far beyond 
He. 
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FIGURE 3 
_A slowly rotating acrobat begins to spin very fast by pressing her 
di arms alongside her body. (Drawing after Degas.) 


the present orbits of the planets. “This explosion,’ writes 

Laplace, “might have taken place through causes similar to 

_ that which produced the brilliant outburst in 1572, lasting 

Several months, of the famous star in the constellation Cas- 
* Borrowed from Immanuel Kant. 
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siopeia.” Translated into modern language this would mean 
that the planetary system was formed as the result of the 
Sun’s having become a nova or supernova in the distant _ 
past.* Since Laplace’s theory did not include a collision 
with another star, which might have set the entire system E 
in rotation, he was forced to assume that the Sun rotated 
at the very beginning of its existence and that a part of 
this rotation was transferred to the extensive atmosphere 
formed by the explosion. After the original force of the ex- 
plosion had spent itself, the gradual cooling of this giant ~ 
gas sphere, caused by radiation of heat into interstellar — 
space, must have resulted in a steady contraction. It is well © 
known, however, that the contraction of any rotating body — 
leads to an increase in its angular velocity. This phenomenon — 
can be observed at the circus when an acrobat, lazily rotat- 
ing on the end of a rope, becomes a glittering whirl after 
she folds her previously extended arms across her breast 
(Figure 3). | ee 
This well-known trick demonstrates one of the fundamen-_ 
tal laws of mechanics: the law of conservation of rotationat — 
“momentum. Rotational momentum is defined as the product — 
of three factors: the mass of a rotating body, its linear — 
velocity, and its distance from the axis of rotation. In the 
case of our rotating acrobat, the rotational momentum of 
her arms, for example, is given by the product of their mass, 
their length, and the velocity of rotation, as indicated by | 
the arrow in Figure 3. When the arms are brought close to — 
the body, their distance from the axis of rotation decreases, — 
and, to maintain a constant rotational momentum, tkeir 
velocity must increase. Since the arms are part of the whole © 
body and cannot move separately, however, this increase of 
velocity must be equally distributed between the arms and . 
the rest of the acrobat, so that the whole body must spin — 
faster. 4 
According to Laplace, this is exactly what must have hap- — 
pened to the contracting Sun. Since the spinning Sun is not | 
as rigid as the body of an acrobat, one might expect that 
centrifugal force would separate rings of solar matter from _ 


= The phenomena. of the nova and supernova are vast stellar explosions increasing | 
the original luminosity of a star by a factor of a million or (for supernova) even by 
a factor of a billion. 


+ Hence the increase of rotational vel city will be especially great in the case of — 
a very thin acrobat with extremely heavy hands. Holding heavy objects in the fists 
will also increase the acrobat’s rate of spin. . “ere 
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the elongated solar equator. Such ring formation can be 
demonstrated by the classical experiment in which a large 
spherical mass of oil suspended in some other liquid is 
_brought into rapid rotation by means of a special mechanical 
device. 

3 Laplace believed—incorrectly, as we shall soon see—that 
in the course of time the material composing these rings 
_wouid coalesce into separate gaseous spheres moving along 


circular orbits, thus forming the familiar picture of our 
b planetary system. Because of the authority of the great 
_mathematician, this so-called “nebular hypothesis’’* of the» 
_ origin of planetary systems retained an honoured place in ~ 
science for more than a century, whereas Buffon’s original - 
collision hypothesis was almost completely forgotten. 
In his presentation of the nebular hypothesis Laplace 
limited himself to a semi-popular and: purely qualitative 
_ discussion of his views, failing to subject his theory to rigor- 
_ ous mathematical analysis. But when carried out by several 
astronomers and physicists during the past century such 
analysis has revealed that several insurmountable difficul- 
_ ties stand in the way of the hypothesis. First of all, there 
seems to be no reason why the steady contraction of a 
rotating primitive sun should produce only the compara- 
_ tively small number of thick gaseous rings that are supposed 
_ to account for the known planets of the solar system. What 
one should actually expect is the formation of an extremely 
large number of rather thin rings filling the plane of the 
_ ecliptict almost continuously. But, even granting that the 
_refjuired number of separate rings could have been formed, 
it remains to be shown how each ring could have condensed 
into a single spherical body. 

_ The stability of gaseous or liquid rings rotating around 
_a central body was studied by the famous English physicist 
_ James Clerk-Maxwell in his investigation of the ring sur- 

rounding the planet Saturn. His results, published in 1859, 

indicate that such rings will actually be unstable, but that 

they will break up into a large number of smaller bodies, 


*The name ‘‘nebular hypothesis’ is based on an incorrect analogy between 

Laplace’s theory of the origin of planets and the observed shapes of the so-called 

“spiral nebule.’’ In Laplace’s time it was not known that these “nebule” are 

_ actually giant stellar accumulations similar to our Milky Way, and it was thought 

_ that they represented contemporary processes like the one that established our 
_ planetary system. 


ety i 
_ _ 7 Ecliptic is the name of the plane in which the planets or, to be exact, the 
nh is rotating, — : 
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distributed uniformly in a circular orbit instead of coalescing © 
into single planets. According to his calculations, for exam- ° 
ple, the gaseous ring that Laplace supposed had given rise 
to Jupiter would break up into about fifty separate bodies, — 
distributed along the present orbit of Jupiter and showing 
no tendency to coalesce. The two difficulties mentioned 
above can be summarized by saying that it is very hard — 
to imagine a mechanism able to collect into a small number 
of separate condensation centres a mass of gas originally — 
spread throughout a large volume around the Sun. 

But the chief difficulty in Laplace’s theory arises when — 
one tries to understand the distribution of the rotation be- 
tween the planets and the Sun itself. From known astronom- 
ical data on planetary motions and the rotation of the Sun- 
about its own axis one can easily calculate that the com- — 
bined rotational momentum of the planets is about forty- 
nine times that of the Sun itself. When we recall that the 


combined mass of all the planets is only —— of the Sun’s” 

700 © 
mass, it is almost impossible to see how the rings, separated 
from the Sun by centrifugal force, could pick up such an 


overwhelming proportion of the total rotational momentum 
of the solar system. 


THE TIDAL THEORY 


The complete failure of Laplace’s theory caused science 
to return to Buffon’s original two-parent hypothesis and 
more elaborate theories along this line were formulated \l- 
most simultaneously at the beginning of the present century ‘ 
by Sir James H. Jeans in England and Thomas C. Chamber-* bz 
lin and Forest R. Moulton of Chicago. 

Accepting the general theory that the birth of the planets 
was due to some foreign body from interstellar space, these 
new versions of Buffon’s original theory abandoned the con- 
cept of a direct material collision, substituting the view that 
the planets were formed as the result of a giant tide raised 
on the surface of the Sun by the gravitational attraction 
of an intruding star as it passed by at a distance of several 
solar diameters. The chief reason for choosing tidal action 
instead of a direct collision is that the close passage of two 


stars is evidently much more probable than direct collision* 


* The probability is proportional to the square of the distance of closest approach 
of one star to another. 


< 
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and is therefore more likely to be responsible for the origin 
DI our system. 
The phenomenon of tides is familiar to everyone who has 
spent some time at the seashore. In the case of the Earth’s 
iquid envelope, they consist of the periodic rise and fall of 
ocean waters caused by the combined action of the Moon 
a and the Sun (the tidal effect of the Moon is greater because 
it is closer to the Earth). This effect is due primarily to 


avi 


the body in questi by another disturbing body and is ex- 


a 


a 
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FIGURE 4 
d The action of tidal forces on a deformable body. 


plained in diagram of Figure 4. Since the force of gravity 
_de€reases with the square of the distance (Newton’s law), 
the material situated on the side of the sphere facing the 
‘disturbing body (c) is attracted more strongly than the 
material in the centre (0), which, in turn, is attracted more 
_strongly than the material on the opposite side (a). The 
‘resulting difference of forces tends to elongate the body in 
the direction of the attractive forces, and, if it is deformable, 
it takes the shape of an elongated ellipsoid. In the case of 
the Earth, tida! forces produce their strongest effect on the 
liquid envelope giving rise to two tidal waves on opposite 
sides; although, as we shall see Jater, the solid crust also 
“undergoes certain smaller deformations. 
If the disturbing body is not very close, as, for example, 
‘in the case of the Earth and the Moon, the disturbance will 
possess a symmetrical character, and both tidal waves will 
e of about the same height. If, however, the distance de- 


the uneven attraction exerted upon the different parts of . 
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creases, the tidal wave on the front side will become con- 
siderably higher, and the matter composing its crest may 
be entirely separated and break away into spaces toward 
the disturbing body. In the case of ocean tides, this would 
correspond to water splitting off from the top of the tidal 
wave directly toward the Moon if the latter happened to 
come too close! According to the tidal hypothesis, a similar 


on so Oe 


thing happened to our Sun when the intruding star*came — 


too close to its surface, and the solar matter torn off as a 
result was the material that later formed the planets. 
We are indebted to Jeans for the detailed study of this 


ejection phenomenon and for the proof that its character | 


will depend essentially upon the distribution of matter inside 
the disturbed body. If the matter were distributed more or 
less uniformly, the tidal wave raised by the intruder would 
first form a kind of projecting bulge, which would then be 
torn away, forming one or several giant drops (compare 
Figure 13). We know, however, that in the Sun, which con- 
sists of a highly compressible gas, the interior regions are 
much denser than the outer ones, so that the density in the 
centre is about fifty times the average density of the Sun. 
Jeans showed that such high condensation changes the whole 
phenomenon considerably. Under the action of the intrud- 


FIGURE 5 
The Sun emits a gaseous filament, which is later broken into separate 
planets (tidal theory). 

conical point from which matter will flow toward the in- 
truder, forming a gaseous filament that later breaks up into 
a number of separate drops. This process is shown schema- 
tically in Figure 5, from which it can also be seen that the 
relative motion of the two parents will impart a rotational 
motion around the Sun to the planets formed by the break- 
ing up of the tidal wave. 
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‘ We ae not yet considered the probable size of the in- 
 truder or the changes it must have suffered in the collision. 
_ As the intruder most likely was-a star, with about the same 
_ properties as the Sun, a tidal wave must have also risen on 
: its surface during the close approach, but the crest of this — 
wave probably failed to break off and fell back again as 
- soon as the two stars parted ways. In fact, the disrupting — 
effect depends upon the mass of each of the two stars, so 
_ that the tidal wave on the smaller body breaks up first.* 
_ Since we know it was our Sun that broke up in the encoun- 
_ ter, the conclusion seems to be unavoidable that the “father” 
of our planetary system was larger than the Sun. Moreover,~ 
it is unlikely that the intruder could have carried away any~ 
of the “children” it produced, because the relative ei 
_ of the two stars during their meeting was too high to permit 
this celestial kidnapping. 
_ We must therefore conclude that Mother Sun kept all 
her “children” (except, perhaps, a few that attained high 
velocities and were thrown out of the system) whereas the 
 father-star went its way without a souvenir of this momen- 
tous encounter.T : 
As we have seen, separate planets must have been formed 
when the long gaseous filament extracted from the Sun by 
the passing father-star broke up into a number of gaseous 
spheres much in the same way that a thin stream of water 
from an open faucet breaks up into separate drops. De- 
prived of the subatomic energy source that feeds our Sun 
and exposed to the freezing temperature of space, these 
| ec: of solar matter could not long remain in their original 
e form of brilliantly hot balls of gas. The rapid cooling must 
have led to a steady contraction, which soon resulted in 
ultimate liquefaction. This stage was probably also char- 
acterized by the separation of chemically different con- 
stituent paris. Just as in the smelting of iron in a blast 
* Both tidal waves would break up simultaneously if the two stars were of exactly 
equal mass, but this case may be dismissed as rather improbable. 


+ From the well-known fact that the Sun itself rotates on its axis in the same 

lane and in the same direction as the planets, one must conclude that this rotation 

is also the result of the original encounter. It may have originated from the friction 

of the giant tidal wave that rushed across the surface of the Sun while the intruding 

star passed by, or it may have occurred later, when part of the material ejected by 

the Sun and set into rotation by the attraction of the passing star fell back on the 

maternal body. After investigating this question in detail, the English geophysicist 

Harold Jeffreys came to the conclusion that neither of these two causes could have 

' made the Sun rotate as fast as it actually does. He suggested, therefore, that the 

actual encounter was much closer than was formerly assumed in the tidal theory, 

and that the passing star literally “brushed” the surface of the Sun, tearing away 

: o specks oi solar matter. If Jeffreys’s conclusion proves to be correct, it will return us 
| | the origina pfor m0 of Buffon’s, hypothesis. 


16 BIOGRAPHY OF THE EARTH 
furnace, heavy metals must have sunk toward the central 


regions, whereas lighter silicate compounds collected on the . 
surface, forming, after ultimate cooling, the present rocky | 
crusts of our Earth and the other planets. 
? 
How PLANETARY Orsits BECAME CIRCULAR 
Returning to Buffon’s encounter theory as the correct 
explanation of the origin of planetary systems, we must still 
face the original objection raised by Laplace against Buf- 
fon’s views: Why does the matter ejected from the solar 
surface by the intruding star move in nearly circular orbits? 
There seems to be no doubt that the matter ejected in such 
an encounter (either by direct collision or by tidal forces) 
should move in greatly elongated elliptical orbits and return 
once every revolution quite close to the place from which 
it was ejected, so that, if the origin of the planetary system 
is actually the result of such an encounter, the orbits must 
have become circular at a later date. Apparently the only 
possible explanation of the “circularization” of originally 
elliptical orbits lies in the assumption that during the early 
days of planetary life the space through which the planets 
moved was filled with some resisting medium spread uni- 
formly around the Sun in the form of a thin gaseous en- 
velope. The existence of such an envelope during the early — 
stages of the evolution of the planetary system seems quite _ 
likely, since some of the material of the gas filament orig- 
inally pulled away from the Sun by the tidal action of the 
passing star must have escaped condensation and remaired 
more or less uniformly distributed around the Sun.* This — 
rarefied gaseous atmosphere evidently rotated about the Sun« 
in the same general direction as the planets. If the orbits 
of the planets had originally been circular, this gas would 
have influenced their motion hardly at all, because the 
planets and the gas particles would have been following 
parallel paths. But the high ellipticity of the original orbits 
caused the planets to move across the motion of the gas 
stream most of the time and led to the same kind of phe- 
nomenon as would result if drivers on an automobile race- 
track continually veered from the inside of the track to the 
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*In their original theory Chamberlin and Moulton assumed that this envelope 
consisted not of gas, but of small particles, ‘‘planetesimals,”” which later coalesced, 
forming separate planets. This “planetesimal hypothesis,’’ which was once strongly 
favoured by many geologists, has since been disproved by Jeffreys, who showed 
that, even if such small particles could have existed from the beginning, they 
would soon vaporize and turn into a continuous gas as a result of the heat de 
veloped in their mutual collisions. 
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outside and back again (Figure 6). In this kind of motion 
within the gaseous atmosphere surrounding the Sun, the 
planets must have collided with numerous gas particles. The 
resulting friction finally forced the planets to find the paths 
_of least resistance: circular orbits (Figure 7). 


FIGURE 6 
Showing why planets as well as automobiles must follow the direction 
of general motion. 

~ The original gaseous envelope which caused the planets’ 
orbits to shorten from ellipses into circles must have gradu- 
ally disappeared, part of it falling back to the Sun and the 
remainder diffusing from its far-flung outer boundary into 
interstellar space. That traces of this primordial gaseous 
envelope still remain to the present time, however, is indi- 
cated by the so-called phenomenon of zodiacal light (Plate 
Ils), which can be observed on clear moonless evenings 
after sunset, or just before dawn, as a faint beam of light 


stretching upward along the ecliptic.* This luminous band 


_ * Zodiacal light is responsible for an estimated 60 per cent of the total illumina- 
tion of the night sky (om moonless nights, of course). 
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extends around the whole horizon, forming a complete ring 
with a slightly brighter patch (called the “counterglow” 
at the point opposite the Sun.* Spectroscopic analysis of 
zodiacal light indicates that it comes from rarefied swarms 


FIGURE 7 “ 

The system of planets, showing relative distances from the Sun. 
Uranus, Neptune, and Pluto are not shown in this diagram because — 
of space limitations. ES 


of extremely small particles (most likely separate molecules — 
of gas) which reflect the light of the Sun and probably ex- 
tend much farther than the Earth’s orbit in the plane of — 
the ecliptic. The estimated density of the material producing % 


zodiacal light is so low that if all this gas, spread over nearly 

*The phenomenon of counterglow is explained by the fact that the particles: 
situated in this region present their “fully illuminated sides” to us exactly as does 
the Moon, which is “‘full’’ when in the part of the sky opposite the Sun. — 
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_ two hundred million miles, were compressed to atmospheric 
_ pressure, it would form a layer somewhat less than one — 
~ centimetre thick! 

_ With its present low density this gas could not influence 
_ the planetary motions, of course, but Jeffreys has demon- 
_ Strated that one or two billion years ago its density must 
_ have been at least several thousand times higher and equal 
to the task it had to perform. Since then most of this mate- 
vial has dispersed, and the slight luminosity that we see 
_ during moonless nights represents only a faint reminiscence 

of past glory. 


THE SuN’s GRANDCHILDREN 


_ The growth of the solar family did not stop with the first 
generation. We know that almost all the planets (with the 
exception of the smallest ones: Mercury, Venus, and Pluto) 
possess one or more satellites that revolve about them in a 
_ similar manner and, with few exceptions, in the same gen- 
eral direction as the planets themselves rotate around the 
Sun. With the exception of our Moon, which we shall dis- 
cuss separately, the masses of all satellites, compared with 
their primaries, are extremely small (the mass ratio ranging 
mae LO ihe ae 
4000 © 16,000,000 
themselves are extremely small compared with the Sun’s 


from ), just as the masses of the planets. 


; ‘ 1 1 

, eat varying from 1000 for Jupiter to 3,000,000 
All these facts strongly suggest that the origin of planet- 
*ary satellites (with the probable exception of the Moon) 
must have been due to a process quite similar to that which 
led to the formation of the planets themselves from Mother 
- Sun. In this case, however, we do not have to look far to 
find the body that produced the second generation of off- 
spring through its tidal action on the planets. In fact, there 
can be hardly any doubt that the Sun itself (changing its 
role) acted as father in the production of its grandchildren. 
We have seen that the planets were in a gaseous state dur- 

_ ing their early childhood and moved along greatly elongated 
orbits, passing very close to the Sun during each revolution. 

_ As in the case of the formation of the planets themselves, 
the giant body of the Sun caused strong tidal disturbances 
in the tiny bodies of its children, and thin filaments of gase- 
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ous matter must have broken away from their surfaces. Yet, 
we encounter some difficulty in understanding the details — 
of the process by which these filaments of hot gas condensed 


Mimas 
Encelodus 


FIGURE 8 oF 
The family album of the planets, with some numerical data. The 
names of the satellites, in order of increasing distance, are given under 
the names of the corresponding planets, and the direction of their 
rotation is indicated by arrows on the corresponding orbits. (The radii 
of orbits are not in scale.) In the case of Uranus the planet itself and 
all four satellites rotate in a plane almost perpendicular to the orbit. 
The mass of planets in terms of the Earth’s mass is given in the 

lower right-hand corners.* 


into separate satellites. It would seem that such compara- 
tively small gas drops could not be held together by the 
mutual gravitational attraction of their parts and would 
disperse quickly into surrounding space rather than con- 
dense into separate solid bodies. 


* This diagram does not show the tenth and eleventh moons of Jupiter, discov- 
erea by Dr, Nicholson in 1938. pont : 
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Jeffreys, however, points out that the presence of the in- 
terplanetary gaseous envelope that once surrounded the en- 
tire planetary system might have prevented such dispersion 
of the newborn satellites and could have held them together 
for a sufficiently long time to effect their final condensation. 
The same gaseous envelope must also have caused the “cir- 
cularization” of their orbits, in exactly the same way as it 
circularized the orbits of the planets themselves. 

Although it seems certain that the process described above 
correctly represents the origin of most of the satellites, there 
are some striking exceptions. First of all, we have our own 


Moon, which, being only eighty-one times lighter than the ~ 


Earth, is evidently too big a baby to have been born from — 
a thin gaseous filament. In Chapter III we shall see that ~ 
our Moon was, in fact, born at a much later stage of planet- 
ary evolution and under extremely unusual circumstances. 
A glance at the family album of the planetary system 
(Figure 8) discloses other deviations from the normal: satel- 
lites that revolve in the “wrong” direction, that is, opposite 
‘to the direction in which all the planets and most of the 
satellites revolve. This inevitably raises certain doubts as 
to their “normal” origin. It is not impossible that some 
planets, especially such large ones as Jupiter or Saturn, may 
have captured and enslaved small asteroids that happened 
to pass close to them, or even have kidnapped a satellite 
from another, smaller planet. Such adopted children would 
not necessarily revolve in the same direction as the legitimate 
ones, though otherwise there would be no way of telling 
them apart. In this connexion we owe an interesting hypo- 
thesis to R. A. Lyttleton, who suggests that the recently 
“discovered outermost planet Pluto is a lost satellite. Accord- 
ing to Lyttleton’s hypothesis, Neptune once possessed two 
satellites, both revolving in the normal direction, but un- 
- fortunately their orbits were so situated that both satellites 
permanently disturbed each other by strong gravitational 
interaction. During a particularly violent “fight for the right 
of way,” one of the satellites was thrown clear out of Nep- 
tune’s system, to become an independent planet. The recoil 
of the kick that jarred Pluto out of the system was so 
powerful as to make the remaining satellite, Triton, revolve 
in the opposite direction ever since. 
» There were probably many other forcible ejections and 
kidnappings of this sort during the history of our solar sys- 
tem, but all record of them has been lost. 
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PLANETARY FRAGMENTS AND SATURN’S RING 


A comparison of the relative distances of the planets from 
the Sun shows a remarkable gap between Mars and Jupiter, — 
which definitely suggests that an entire planet is missing in 
this part of the sequence.* Astronomical observations indi- 
cate, however, that this gap is not “entirely empty,” but is — 
occupied by a large number of smaller bodies, known as 
asteroids, which move along circular orbits in a broad belt — 
between Mars and Jupiter. The first asteroid, Ceres, was 
discovered on the first night of the nineteenth century by 
the Sicilian astronomer, Giuseppe Piazzi. Since that time — 
the number of observed asteroids has risen to about 2000; 
by now probably only the smallest have escaped observa- 
tion. Although most asteroids move in the region about half-— 
way between Mars and Jupiter, some of them exceed these 
limits. On its closest approach to the Sun the asteroid Eros, 
for example, crosses the orbit of Mars and can be observed — 
at a distance of only 22,260,000 kilometres from the Earth. - 
On the other hand, Hidalgo, the most distant asteroid 
reaches a point outside the orbit of Jupiter. 

The largest asteroids, such as Ceres, Pallas, Juno, and 
Vesta, are several hundred miles in diameter, while the — 
smallest visible ones are ‘mountains broken loose,” no more — 
than ten miles across. In spite of their comparatively large 
number, the combined mass of all the known asteroids is 
small compared with the Earth’s, and, even allowing for | 
smaller and as yet undiscovered members of this family, one 
comes to the conclusion that the total mass of the swarm 
is not much larger than one per cent of the Earth’s. 

We now face this question: Why do astronomers find 
nothing but a large number of small pieces in a region that — 


* The relative distances of the planets from the Sun are closely represented by — 
the empirical rule known as the Bode-Titius law, discovered in 1772, which can be ~ 
formulated as follows: ; 

Write a series of 4’s. To the second 4 add 3, to the third, 3 x 2 or 6, to the 


fourth, 6 x 2 or 12, to the fifth, 12 x 2 or 24, etc. This results in the series: 


o.8 
? ¥ 


Mer- Jupi- Nep-_ 
cury Venus Earth Mars (Vacant) ter Saturn Uranus. tune — 

4 4 4 4 4 4 4 4 4 
0 3 6 12 24 48 96 192 384 
Sum: 4 7 10 16 28 52 100 196 388 
Actual distance of the planets from the Sun in terms of the Earth’s distance as 10: 
3.9 7.2 10 15.2 — 52 95 192 301 


It is seen that this law gives a remarkable approximation of the true planetary dis- — 
tances from the Sun, with the exception of Neptune (and also of Pluto). But the — 
fifth place is vacant; it may be filled by the asteroids, whose mean distance in the | 
series is 26.5, which just fits into the scheme. We have no explanation of Bode’s © 
law as yet, and it may be merely pure coincidence. ; 
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should apparently have been occupied by a single planet? 
_ The most plausible answer seems to be this: the planet that 
previously moved along this orbit broke into a number of 
fragments that continue their motion in the same general 
region of space. This hypothesis is strongly supported by 
observations indicating that most of the asteroids move in 
definite groups as if they had all started from the same 
_ point originally. But the best proof of the “break-up” theory 
_of asteroids would be chemical analysis of their composition. 
_ If the thousands of known asteroids represent the fragments 
_ of a broken planet, those blasted from the surface must have 
rather different constitutions from those exploding from the ~ 
interior. Since the heavier materials, such as iron, most likely 
e sank to central regions and the lighter substances, such as ~ 
_ Silicates, to the surface, during the formation of planets,* 


' we should expect that the fragments would show this differ- ~ 


- ence of constitution, depending on their place of origin. 

_ Until interplanetary communication in rocket ships ceases 
_ to be merely a dream, we have no method of chemically 
_ analysing the rocks constituting the asteroids, but, fortu- 
_ nately enough, certain rocks of presumably the same origin 
_ often fall directly into our hands—or rather, upon the sur- 
_ face of the Earth—in the form of meteorites. 
__ The familiar phenomenon of meteors, or shooting stars, 
is produced by comparatively small bodies flying with high 
- velocities from interplanetary space and glowing because of 
_ their friction with the air as they speed through the ter- 
_restrial atmosphere. Many of these smaller visitors from 
_ Space burn out completely while still in the air and reach 
_ the Earth in the form of a thin dust, but the larger bodies 
“reach the ground and, after being found, become permanent 
_ exhibits in our museums of natural history. Up to the pres- 
_ ent time specimens from about a thousand different meteor 
"falls have been collected, the largest of which weighs 36.5 
_ tons and was brought from Melville Bay in Greenland by 
_ Admiral Robert E. Peary. 
_ A stili larger meteorite must have fallen many hundreds 
_ of years ago? in the north-eastern part of the Arizona desert, 
_ producing a remarkable crater, which at present is one of 
_ the most interesting tourist attractions in that part of the 
; * As we shail see in Chapter V, the division of heavy and light materials is 
» Pronounced in the case of our Earth, the central core of which consists mainly of 
_ iron and other heavy metals. 


_ ¥ The lower limit of the age of this formation is given by the trees growing on 
the slopes of the crater, many of which are at least seven hundred years old. 
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world. This famous meteor crater is about 1200 metres in 
diameter, with circular walls rising 45 metres above the 
surrounding plain and precipitously descending 180 metres 
to the floor. Borings in the bottom show that the rocks have 
been crushed to a depth of several hundred feet by the ter- 
rific impact. Although the giant meteorite itself could not 
be found at the bottom of the crater, thousands of small 
meteorites have been discovered within a radius of five 
miles, suggesting that the original body was broken into 
Many pieces when it struck the Earth. During past ages 
many even larger meteorites must have fallen on the Earth’s 
surface, but either they fell into the ocean or the impacts 
occurred so long ago that the resulting craters have been 
completely obliterated by the destructive action of water 
and air. 

It is only natural to suppose that these stones, falling 
from the sky, have a common origin with their larger 
brothers and sisters, the asteroids, and represent the numer- 
ous tiny splinters that must have resulted from the breakup 
of a larger celestial body. And in the case of the meteorites, 
which we can easily investigate in our laboratories, we actu- 
ally obtain direct proof of this hypothesis. In the first place, 
it has been shown that the chemical composition of different 
meteorites varies within rather wide limits. Some closely 
resemble the rocks on the surface of the Earth (“stone 
meteorites’”’) whereas others contain a predominant quan- 
tity of iron and other heavy metals. This undoubtedly 
proves that we are dealing with fragments that originated 
at different depths of a much larger celestial body. Further- 


more, the stone meteorites show signs of rapid crystalliza-~ » 


tion, while the crystallization of the iron meteorites seems 
to have been extremely slow, in accordance with the slow 
cooling process of planetary interiors. ; 

It is also interesting to note that small diamonds have 
been found in several iron meteorites. Since we know that 
carbon crystallizes in the form of diamonds only under ex- 
tremely high pressures, this proves beyond doubt that the 
solidification of iron meteorites took place in the deep in- 
terior of some large planetary body. 

Thus, though we do not know the exact cause of this 
catastrophe, we must accept it as definitely proved that one 


of the original planets. the outer neighbour of Mars, was 


5 eit s 


THE BLESSED EVENT 25 


smashed to pieces in some far-distant past, forming a large 
number of asteroids and a still larger number of very small 
- splinters scattered through the space surrounding the spot 
where the catastrophe occurred. 
_ Another example of such a breaking-up process, this time 
in the case of a planetary satellite, is afforded by the famous 
ring of Saturn. Study of this peculiar formation reveals that 
it consists of an extremely large number of small bodies 
revolving about Saturn in circular orbits. According to ac- 
_ cepted views, the particles comprising the ring are fragments 
of an old satellite of Saturn which was torn to pieces by 
tidal forces because it came too close to the planet’s sur- 


face. Although Saturn’s ring represents the only phenomenon — 


of its kind at the present time, it is evident that any other 


planet could obtain similar rings if one of its satellites ap- 


proached the surface too closely. In particular, as we shall 


see in the last chapter of this book, such a fate awaits our. 


Moon, which is bound to come close to the Earth in the 
far-distant future and to be broken to bits by terrestrial 
attraction. 


Is Our PLANETARY SYSTEM UNIQUE? 


We know that the Sun, which gave birth to the Earth 
and the other planets, is but one insignificant member of 
a giant galaxy, the Milky Way, consisting of approximately 
40 billion individual stars. Do other stars also possess 
planetary systems, or is our system a unique phenomenon 
im the universe? This exciting question cannot be answered 
.by direct observation, because even the nearest stars are 
many million million kilometres away and at these distances 
tiny and non-luminous planetary bodies are absolutely out- 
side the range of the most powerful telescopes now avail- 
able. But, though we cannot answer the question directly, 
is it possible to estimate the likelihood of the existence of 
other planetary systems by calculating the probable number 
of collisions that could have taken place between the stars 
of the Milky Way during the period of time that must have 
passed since their formation? 
The average velocity of stellar motion is about 10 kilo- 
metres per second, and it would seem that collisions between 
' separate members must have occurred quite frequently in a 
_ crowd of many billions of stars rushing irregularly through 
_ space for a period of several billion years (cf. page 2). But 
0 yee : 
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simple calculations show that this is by no means true and 
that only an extremely small number of collisions or even 
close passages could have taken place, in spite of the large 
number of stars and the very long period of their common 
existence. The reason for this traffic safety in the world of 
stars lies in the high dispersion of stellar systems, the aver- 
age distance between individual stars exceeding their aver- 
age diameters by a factor of ten million. If we reduced the 
scale so that each star was the size of a small grain of sand 
(one millimetre in diameter), there would be only one grain 
im every four cubic kilometres, and the whole sand-star sys- 
tem would occupy a space several hundred thousand kilo- 
metres in diameter. The velocities of our sand-stars would 
also be reduced in the same proportion, and each grain of 
sand would cover a distance of only about ten millimetres 
in one year. 

Even if two neighbouring stars moved directly toward 
each other it would take fifty thousand years before they 
finally collided; but as stellar motion is irregular, the prob- 
ability of collision would be considerably less. Since the 
target area of each star is 100,000,000,000,000 times smaller 
than the side of the space cube in which it is situated, our 
Star must cross 100,000,000,000,000 such cubes before get- 
ting a fair chance of hitting another star. But this would 
take about five billion billion years! Since, however, the 
whole stellar system is hardly more than two or three billion 
years old the chance of a collision for any individual star 
is less than one in two billion. T hus, out of the 40,000,- 
000,000 stars forming the galaxy of our Milky Way rot 
more than 20 could have experienced actual collision or 
close passage and the probable number of planetary systems” 
analogous to our own is only about 10.* 

The reader understands, of course, that the above calcula- 
tions and the numbers on which they are based are onl 
approximate, and too much credence should not be placed 
in the number 10. But it will be evident from the previous 
‘discussion that, while the collision which gave rise to our 
own solar system is far from miraculous, among the billions 
of stars in the sky only very few could have experienced 
such collisions. The above conclusion, however, is essentially 
based upon the assumption that the average distance be- 
tween the stars was always the same as it is at present. In 


_™ Because, as we have seen above, only one of the two colliding stars is likely to 
give birth to a planetary system. 
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- recent times more and more credence is given to the view 
_ that the stars were much closer to each other immediately 
_ after their formation from the primordial gas, and that their 
_ relative distances have been increasing subsequently as the 
_ result of the “expansion of space.” Jf these views are cor- 
_ rect—and there is a very fair chance that they are—the — 
- conclusion concerning the rarity of planetary systems must — 
be changed entirely because collisions between stars must 
have been much more probable in the past when they were — 
packed closer together. | 
Conversely, if by some ingenious method atronomers are — 
ever able to prove that many other stars have planetary — 
systems of their own, it will serve as an excellent proof ofS 
the theory of the “expanding universe.” 


LAPLACE WAS RicHut AFTER ALL! * 


For us, the people living in the seven parts of the World — 
(counting Admiral Byrd. for Antarctica) the expression : 
“solid ground” is practically synonymous with the idea of — 
stability and permanence. As far as we are concerned all 
the familiar features of the Earth’s surface, its continents — 
and oceans, its mountains and rivers could have existed 
since the beginning of time. True, the data of historical 
geology indicate that the face of the Earth is gradually 
changing, that large areas of the continents may become 
submerged by the waters of the oceans, whereas submerged 
areas may come to the surface. 
* We also know that the old mountains are gradually being 
. washed away by the rain, and that new mountain ridges -~ 
rise from time to time as the result of tectonic activity, but 
all these changes are still only the changes of solid crust 
of our globe. 
, It isn’t, however, difficult to see that there must have 
been a time when no such solid crust existed at all, and 
when our Earth was a glowing globe of melted rocks. In 
fact, the study of the Earth’s interior indicates that most of 
its body is still in a molten state, and that the ‘solid 
ground” of which we speak so casually is actually only a 
comparatively thin sheet floating on the surface of the 
molten magma. The simplest way to arrive at this conclusion 
is to remember that the temperature measured at different 


_. __* This section is reprinted from the author’s One, two, three . . . infinity, The 
A heme? are seepy right, 1947, by George Gamow. 
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depths under the surface of the Earth increases at the rate 
of about 30° C per kilometer of depth (or 16° F per thou- 
sand feet) so that, for example, in the world’s deepest mine 
(a gold mine in Robinson Deep, South Africa) the walls 
are so hot that an air-conditioning plant had to be installed 
to prevent the miners from being roasted alive. 

At such a rate of increase, the temperature of the Earth 
must reach the melting point of rocks (between 1200° C and 
1800° C) at a depth of only 50 km beneath the surface, 
that is, at less than 1 per cent of the total distance from 
the center. All the material farther below, forming more 
than 97 per cent of the Earth’s body, must be in a com- 
pletely molten state. 

It is clear that such a situation could not have existed 
forever, and that we are still observing a certain stage in a 
process of gradual cooling that started once upon a time 
when the Earth was a completely molten body, and will 
terminate some time in the distant future with the com- 
plete solidification of the Earth’s body all the way to the 
center. A rough estimate of the rate of cooling and growth 
of the solid crust indicates that the cooling process must 
have begun several billion years ago. 

The same figure can be obtained by estimating the age 
of rocks forming the crust of the Earth. Although at first 
sight rocks exhibit no variable features, thus giving rise 
_ to the expression “unchangeable as a rock,” many of them 
actually contain a sort of natural clock, which indicates 
to the experienced eye of a geologist the length of time 
that has passed since they solidified from their fornier 
molten state. ; 

This age-betraying geological clock is represented by a 
minute amount of uranium and thorium, which are often 
found in various rocks taken from the surface and from 
different depths within the Earth. The atoms of these ele- 
ments are subject to a slow spontaneous radioactive decay 
ending with the formation of the stable element lead. 

To determine the age of a rock containing these radio- 
active elements we need only to measure the amount of 
lead that has been accumulated over the centuries as the 
result of radioactive decay. 

In fact, as long as the material of the rock was in the 
‘molten state, the products of radioactive disintegration 
could have been continuously removed from the place of 
their origin by the process of diffusion and convection in 
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he molten material. But as soon as the material solidified 
nto a rock, the accumulation of lead alongside the radio- 
ictive element must have begun, and its amount can give 
Is an exact idea of how long it was going on, in exactly 
he same way as the comparative numbers of empty beer 
ans scattered between the palms on two Pacific islands 
‘ould have given to an enemy spy an idea of how long a 
yarrison of marines had stayed on each island. 

_ The general result of the survey of the accumulation of 
ead reveals an extremely important fact that: no rocks 
exhibit an age of more than two billion years (the oldest 
ocks known are those from Karelia, Finland, 1,850,000,000 
years Old, and from Black Hills, South Dakota, 1,460,- 
J00,000 years old) from which we must conclude that the 
solid crust of the Earth must have been formed from pre- 
ously molten material about two billion years ago. 

Thus we can picture the Earth two billion years ago as a 
ompletely molten spheroid, surrounded by a thick atmos- 
yhere of air, water-vapors, and probably other extremely 
jolatile substances. 

How did this hot lump of cosmic matter come into being, 
what kind of forces were responsible for its formation, and 
who supplied the material for its construction? These ques- 
lons, pertaining to the origin of our globe as well as to the 
yrigin of every other planet of our solar system, have been 
he basic inquiries of scientific Cosmogony (the theory of 
he origin of the universe), the riddles that have occupied 
he brains of astronomers for many centuries. 

The first attempt to answer these questions by scientific 
means was made in 1749 by the celebrated French natu- 
alist George-Louis Leclerc, Comte de Buffon, in one of the 
orty-four volumes of his Natural History. Buffon saw the 
irigin of the planetary system as the result of a collision 
yetween the sun and a comet that came from the depth of 
nterstellar space. His imagination painted a vivid picture 
of a “cométe fatale” with a long brilliant tail brushing the 
surface of our, a4 that time lonely, sun, and tearing from 
ts giant body a number of small “drops,” which were sent 
pinning into space by the force of the impact (Figure 92). 

A few decades later entirely different views concerning 
he origin of our planetary system were formulated by the 
amous German philosopher Immanuel Kant, who was more 
nclined to think that the sun made up its planetary system 
ull by itself without the intervention of any other celestial 


30 BIOGRAPHY OF THE EARTH 4 


body. Kant visualized the early state of the sun as a giant, 
comparatively cool, mass of gas occupying the entire volume 
of the present planetary system, and rotating slowly around 
its axis. The steady cooling of the sphere through radia- 
tion into the surrounding empty space must have led to its 
gradual contraction and to the corresponding increase o 
its rotational speed. The increasing centrifugal force resul 


: 
y 
LY 


FIGURE 9 Z 
Two schools of thought in cosmogony. — 


ing from such rotation must have led to the progressive 

flattening of the gaseous body of the primitive sun, and 
resulted in the ejection of a series of gaseous rings along its 
extended equator (Figure 96). Such a ring formation from 
the rotating masses can be demonstrated by the classical 
experiment performed by Plateau in which a large sphere 
of oil (not gaseous, as in the case of the sun) suspende 

within some other liquid with equal density and brough 
into rapid rotation by some auxiliary mechanical device 
begins to form rings of oil around itself when the speed 0 
rotation exceeds a certain limit. ‘The rings formed in- 
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way were supposed to have broken up later and to have con- 
densed into various planets circling at different distances 
around the sun. 

_ These views were later adopted and developed by the 
famous French mathematician Pierre-Simon, Marquis de 
Laplace, who presented them to the public in his book 
Exposition du systeme du monde, published in 1796. Al- 
though a great mathematician, Laplace did not attempt to 
give mathematical treatment to these ideas, but limited 
himself to a semipopular qualitative discussion of the 
theory. 

When such a mathematical treatment was first attempted 


= 


sixty years later by the English physicist Clerk Maxwell, 


the cosmogonical views of Kant and Laplace ran into a wall 
of apparently insurmountable contradiction. It was, in fact, 
shown that if the material concentrated at present in vari- 
ous planets of the solar system was distributed uniformly 
through the entire space now occupied by it, the distribution 
of matter would have been so thin that the forces of gravity 
would have been absolutely unable to collect it into sepa- 
rate planets. Thus the rings thrown out from the contract- 
ing sun would forever remain rings like the ring of Saturn, 
which is known to be formed by innumerable small particles 
running on circular orbits around this planet and showing 
no tendency toward “‘coagulation” into one solid satellite. 

The only escape from this difficulty would consist in the 
assumption that the primordial envelope of the sun con- 
tained much more matter (at least 100 times as much) than 
we’ now find in the planets, and that most of this matter 
fell on the sun, leaving only about 1 per cent to form 
planetary bodies. 

Such an assumption would lead, however, to another no 
less serious contradiction. Indeed if so much material, 
which must originally have rotated with the same speed as 
the planets do, had fallen on the sun, it would inevitably 
have communicated to it an angular velocity 5000 times 
larger than that which it actually has. If this were the case, 
the sun would spin at a rate of 7 revolutions per hour in- 
stead of at 1 revolution in approximately 4 weeks. 

These considerations seemed to spell death to the Kant- 
Laplace views, and with the eyes of astronomers turning 
hopefully elsewhere, Buffon’s collision theory was brought 
back to life by the work of the American scientists T. C. 
Chamberlin and F. R. Moulton, and the famous English 
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scientist Sir James Jeans. Of course, the original views of 
Buffon were considerably modernized by certain essential 
knowledge that had been gained since they were formulated. 
The belief that the celestial body that had collided with the 
sun was a comet was now discarded, for the mass of a 
comet was by then known to be negligibly small even when 
compared with the mass of the moon. And so the assaulting 
body was now believed rather to be another star comparable 
to the sun in its size and mass. : 
However, the regenerated collision theory, which seemed 
at that time to represent the only escape from the funda- 
mental difficulties of the Kant-Laplace hypothesis, likewise 
found itself treading on muddy ground. It was very difficult 
to understand why the fragments of the sun thrown out as 
a result of the vigorous punch delivered by another star 
would move along the almost circular orbits followed | 
by all planets, instead of describing elongated elliptical 
trajectories. 3 AS 
To save the situation it was necessary to assume that, 
at the time the planets were formed by the impact of the 
passing star, the sun was surrounded by a uniformly rotat- 
ing gaseous envelope, which helped to turn the originally 
elongated planetary orbits into regular circles. Since no such 
medium is now known to exist in the region occupied by 
the planets, it was assumed that it was later gradually dis- 
sipated into interstellar space, and that the faint luminosity 
known as Zodiacal Light, which at present extends from the — 
sun in the ecliptical plane, is all that is left from that past — 
glory. But this picture, representing a kind of hybrid 
between the Kant-Laplace assumption of the original gase- 
Ous envelope of the sun and Buffon’s collision hypothesis — 
was very unsatisfactory. However, as the proverb says, one © 
must choose the lesser of two evils, and the collision hypoth- 6 
esis of the origin of the planetary system was accepted as 4 
the correct one, being used until very recently in all scientific e 
treatises, textbooks, and popular literature (including the — 
author’s book The Birth and Death of the Sun, 1940). ; 
It was only in the fall of 1943 that the young German — 
physicist C. Weizsicker cut through the Gordian Knot of | 
the planetary theory. Using the new information collected — 
by recent astrophysical research, he was able to show that 
all the old objections against the Kant-Laplace hypothesis 
can be easily removed, and that, proceeding along these 
lines, one can build a detailed theory of the origin of planets 
ee ge 
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:plaining many important features of the planetary system 


at had not even been touched by any of the old theories. 
‘The main point of Weizsacker’s work lies in the fact that 
uring the last couple of decades astrophysicists have com- 
letely changed their minds about the chemical constitution 
f matter in the universe. It was generally believed before 
iat the sun and all other stars were formed by the same 
ercentage of chemical elements as those that we have 
arned from our Earth. Geochemical analysis teaches us 
iat the body of the Earth is made up chiefly of oxygen (in 
1¢ form of various oxides), silicon, iron, and smaller quan- 
ties of other heavier elements. Light gases such as hydro- 
en and helium (along with other so-called rare gases such 
Ss neon, argon, etc.) are present on the Earth in very small 
uantities.* 

In the absence of any better evidence, astronomers had 
ssumed that these gases were also very rare in the bodies 
f the sun and the other stars. However, the more detailed 
heoretical study of stellar structure led the Danish astro- 
hysicist B. Stromgren, to the conclusion that such an 
ssumption is quite incorrect and that, in fact, at least 35 
er cent of the material of our sun must be pure hydrogen. 
jater this estimate was increased to above 50 per cent, and 
t was also found that a considerable percentage of the other 
olar constituents is pure helium. Both the theoretical 
tudies of the solar interior (which recently culminated in 
he important work of M. Schwartzschild), and the more 
Jaborate spectroscopic analysis of its surface, led astro- 
yhysicists to a striking conclusion that: the common chemi- 
al elements that form the body of the Earth constitute 
mly about 1 per cent of the solar mass, the rest being almost 
venly divided between hydrogen and helium with a slight 
preponderance of the former. Apparently this analysis also 
its the constitution of the other stars. 

Further, it is now known that interstellar space is not 
quite empty, but is filled by a mixture of gas and fine dust 
with a mean density of about 1 mg matter in 1,000,000 cu 
miles space, and this diffuse, highly rarefied material ap- 
sarently has the same chemical constitution as have the 
sun and the other stars. 

In spite of its incredibly low density the presence of this 


* Hydrogen is found on our planet mostly in its union with oxygen in water. 
But everybody knows that although water covers three quarters of the Earth’s 
surface the total water mass is very small compared with the mass of the entire 
yody of the Earth. 
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interstellar material can be easily proved, since it produces 
noticeable selective absorption of the light from stars so di | 
tant that it has to travel for hundreds of thousands of 
light-years through space before entering into our telescopes. 
The intensity and location of these “interstellar absorptiol 


lines” permits us to obtain good estimates of the density of 
that diffuse material and also to show that it consists almost 
exclusively of hydrogen and probably helium. In fact, the 
dust, formed by small particles (about 0.001 mm in diam- 
eter) of various “terrestrial” materials, constitutes not. 
more than 1 per cent of its total mass. 3 


FicuRE 10 } 
The formation of big lumps of “terrestrial” material resulting from % 
collisions between dust particles. 2 
To return to the basic idea of Weizsacker’s theory, we © 
may say that this new knowledge concerning the chemical — 
constitution of matter in the universe, plays directly into | 
the hands of the Kant-Laplace hypothesis. In fact, if the 
primordial gaseous envelope of the sun was originally 
formed from such material, only a small portion of it, repre- 
senting heavier terrestrial elements, could have been used 
to build our Earth and other planets. The rest of it, repre- 
sented by noncondensible hydrogen and helium gases, must © 
have been somehow removed, either by falling into the sun 
or by being dispersed into surrounding interstellar space. — 
Since the first possibility would result, as it was explained 
above, in much too rapid axial rotation of the sun, we have 
to accept another alternative, namely, that the gaseous 
“excess-material” was dispersed into space soon after the 
planets were formed from the “terrestrial” compound. 
This brings us to the following picture of the formation 4 
of the planetary system. When our sun was first formed — 
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ion) a large part of it, probably about a hundred times 
he present combined mass of planets, remained on the out- 
ide forming a giant rotating envelope. (The reason for such 
sehavior can easily be found in the differences between the 
‘otational states of various parts of interstellar gas con- 
Jensing into the primitive sun.) This rapidly rotating en- 
velope should be visualized as consisting of noncondensible 
gases (hydrogen, helium, and a smaller amount of other 
sases) and dust-particles of various terrestrial materials 
(such as iron oxides, silicon compounds, water droplets and 
ice crystals) which were floating inside the gas and carried 
along by its rotational motion. The formation of big lumps 
of “terrestrial” material, which we now call planets must 
have taken place as the result of collisions between dust 
particles and their gradual aggregation into larger and larger 
bodies. In Figure 10 we illustrate the results of such mutual 
collisions which must have taken place at velocities com- 
parable to that of meteorites. : 

One must conclude, on the basis of logical reasoning, that 
at such velocities the collision of two particles of about 
equal mass would result in their mutual pulverization (Fig- 
ure 10a), a process leading not to the growth but rather 
to the destruction of larger lumps of matter. On the other 
hand, when a small particle collides with a much larger one 

(Figure 10D) it seems evident that it would bury itself in 
the body of the latter, thus forming a new, somewhat larger 
mass. 

Obviously these two processes would result in the gradual 
disappearance of smaller particles and the aggregation of 
their material into larger bodies. In the later stages the 
process will be accelerated due to the fact that the larger 
luraps of matter will attract gravitationally the’ smaller 
particles passing by and add them to their own growing 
bodies. This is illustrated in Figure 10c, which shows that 
in this case the capture-effectiveness of massive lumps of 
matter becomes considerably larger. 

- Weizsiicker was able to show that the fine dust originally 
‘Scattered through the entire region now occupied by the 
planetary system must have been aggregated into a few big 
lumps to form the planets, within a period of about a hundred 


the condensation of interstellar matter (see the next 
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The ratio of the distance 
. of each planet from the 
Distance from the sun sun, to the distance from 
Name ofthe in terms of earth’s dis-|the sun of the planet 


planet tance from the sun listed above it 

Mercury 0.387 

Venus 0.723 1.86 
Earth 1.000 1.38 
Mars 1.524 £52 
Planetoids about 2.7 1.77 
Jupiter 5.203 1.92 
Saturn 9.539 1.83 
Uranus bl 9-101 2.001 
Neptune 30.07 1.56 
Pluto 39.52 S| 


As long as the planets were growing by the accretion of 
variously sized pieces of cosmic matter on their way around 
the sun, the constant bombardment of their surfaces by 
fresh building material must have kept their bodies very 
hot. As soon, however, as the supply of stellar dust, pebbles, 
and larger rocks was exhausted, thus stopping the process of 
further growth, the radiation into interstellar space must 
have rapidly cooled the outer layers of the newly formed 
celestial bodies, and led to the formation of the solid crust, 
which is even now growing thicker and thicker, as the slow 
internal cooling continues. * 

The next important point to be attacked by any theory 
of planetary origin is the explanation of the peculiar rule 
(known as the Bode-Titius law) that governs the distances 
of different planets from the sun. In the table on this page, 
these distances are listed for nine planets of the solar sys- 
tem, as well as for the belt of planetoids, which apparently 
corresponds to an exceptional case where separate pieces did 
not succeed in collecting themselves into a single big lump. 

The figures in the last column are of especial interest. In 
spite of some variations, it is evident that none are very far 
from the numeral 2, which permits us to formulate the 
approximate rule: the radius of each planetary orbit is 
roughly twice as large as that of the orbit nearest to it in 
the direction of the sun. 


It is interesting to notice that a similar rule holds also 3 
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Mimas SAt 
Enceladus 3.99 
Tethys 4.94 
Dione 6.33 
Rhea ~ 8.84 
Titan 20.48 
Hyperion 24.82 
Japetus 59.68 


Phoebe 216.8 


The ratio of increase 
| Distance in terms of | in two successive 

Name of satellite Saturn’s radius distances 
ATE LTE AER Bee eae 


1.28 
1.24 
1.28 
1.39 
ie | 
a 
2.40 


a 3.63 


Por the satellites of individual planets, a fact that can be a 
_ demonstrated, for example, by the above table giving the ; 


_ relative distances of nine satellites of Saturn. 


As in the case of the planets themselves, we encounter ; 


_ here quite large deviations (especially for. Phoebe!) but — , 
_ again there is hardly any doubt that there is a definite trend 


| for regularity of the same type. 


FIGURE 11 
and elliptic motion as viewed from a resting (a) and a rotat- 


ing (b) co-ordinate system. 


How can we explain the fact that the aggregation process 
a hat Ap0k place in the original dust cloud surrounding the 
in | ot 1 eet: in ae first place in pat one big planet, 
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and why the several big lumps were formed at these particu- 
lar distances from the sun? 

To answer this question we have to undertake a some- 
what more detailed survey of motions that took place in the 
original dust cloud. We must remember first of all that 
every material body—whether it is a tiny dust particle, a 
small meteorite, or a big planet—that moves around the sun 
under the Newtonian law of attraction is bound to describe 
an elliptical orbit with the sun in the focus. If the material 
forming the planets was formerly in the form of separate 
particles, say, 0.0001 cm in diameter,* there must have 
been some 10*#° particles moving along the elliptical orbits 
of all various sizes and elongations. It is clear that, in 
such heavy traffic, numerous collisions must have taken 
place between the individual particles, and that, as the result 
of such collisions, the motion of the entire swarm must have 
become to a certain extent organized. In fact, it is not diffi- 
cult to understand that such collisions served either to pul- 
verize the “‘traffic violators” or to force them to “detour” 
into less crowded “traffic lanes.” What are the laws that 
would govern such “organized” or at least partially organ- 
ized “traffic”? 

To make the first approach to the problem, let us select 
a group of particles all of which had the same rotation- 
period around the sun. Some of them were moving along 
the circular orbit of a corresponding radius, whereas others 
were describing various more or less elongated elliptical 
orbits (Figure 11a). Let us now try to describe the motion 
of these various particles from the point of view of a co- 
ordinate system (X, Y) rotating around the center of the 
sun with the same period as the particles. 

It is clear first of all that, from the point of view of such 
a rotating co-ordinate system, the particle that was moving 
along a circular orbit (4) would appear to be completely 
at rest at a certain point A’, A particle B that was moving 
around the sun following an elliptical trajectory comes 
closer and farther away from the sun; and its angular veloc- 
ity around the center is larger in the first case and smaller 
in the second; thus, it will sometimes run ahead of the 
uniformly rotating co-ordinate system (X, VY), and some- 
times will lag behind. It is not difficult to see that, from 
the point of view of this system, the particle will be found 
to describe a closed bean-shaped trajectory marked B’ in. 


Figure 110. Still another particle C, which was moving along” 
* The approximate size of the dust particles forming the interstellar material, jy 
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| more elongated ellipse, will be seen in the system (X, VY) 
as describing a similar but somewhat larger bean-shaped | 
rajectory C’, 

__ It is clear now that, if we want to arrange the motion of 
the entire swarm of particles so that they never collide with 
one another, it must be done in such a way that the bean- 


Shaped trajectories described by these particles in the uni- 
ont, rotated co-ordinate system (X, Y) do not intersect. 
_ Remembering that the particles having common rotation 
periods around the sun keep the same average distance 
from it, we find that the nonintersecting pattern of their 
trajectories in the system (X, VY) must look like a “bean 
“necklace” surrounding the sun. 

_ The aim of the above analysis, which may be a bit too 
hard on the reader, but which represents in principle a 
fairly simple procedure, is to show the nonintersecting 
“traffic-rules pattern for individual groups of particles mov- 
‘ing at the same mean distance from the sun and possessing 
therefore the same period of rotation. Since in the original 
“dust cloud surrounding the primitive sun we should expect 
to encounter all different mean distances and correspond- 
ingly all different rotation periods, the actual situation must 
have been more complicated. Instead of just one ‘bean 
necklace” there must have been a larger number of such 
“necklaces” rotating in respect to one another with various 
“speeds. By careful analysis of the situation, Weizsacker 
was able to show that for the stability of such a system it 
is necessary that each separate “necklace” should contain 
five separate whirlpool systems so that the entire picture of 
motion must have looked very much like Figure 12. Such 
an arrangement would assure “safe traffic? within each 
individual ring, but, since these rings rotated with different 
periods, there must have been “traffic accidents” where one 
ting touched another. The large number of mutual colli- 
sions taking place in these boundary regions between the 
particles belonging to one ring and those belonging to neigh- 
boring rings must have been responsible for the aggregation 

Process and for the growth of larger and larger lumps of 
‘Matter at these particular distances from the sun. Thus, 
through a gradual thinning process within each ring, and 
through the accumulation of matter at the boundary regions 
between them, the planets were finally formed. 

_ The above described picture of the formation of the 
Planetary system gives us a simple explanation of the old 
fule governing the radii of planetary orhite Tn fact cimnie 


cy 
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geometrical considerations show that in the pattern of the 
type shown in Figure 12, the radii of successive boundary 
lines between the neighboring rings form a simple geomet- 
rical progression, each of them being twice as large as the 

- . oe @ 


FIGURE 12 
Dust-traffic lanes in the original solar envelope. 
previous one. We also see why this rule cannot be expected 
to be quite exact. In fact, it is not the result of some strict 
law governing the motion of particles in the original dust 
cloud, but must be rather considered as expressing a certain 
tendency in the otherwise irregular process of dust traffic. 

The fact that the same rule also holds for the satellites 
of different planets of our system indicates that the process 
of satellite formation took place roughly along the same 
lines. When the original dust cloud surrounding the sun 
was broken up into separate groups of particles that were 
to form the individual planets, the process repeated itself 
in each case with most of the material concentrating in the 
center to form the body of the planet, and the rest of it 
circling around condensing gradually into a number of 
satellites. 

With all our discussion of mutual collisions and the 
growth of dust particles, we have forgotten to tell what hap- 
pened to the gaseous part of the primordial solar envelope 
that, as may be remembered, constituted originally about 99 
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Ber cent of its entire mass. The answer to this question is | 
a comparatively simple one. 

_ While the dust particles were colliding, forming larger and 
Se ver lumps of matter, the gases that were unable to par- 
ficipate in that process were gradually dissipating into inter- 
stellar space. It can be shown by comparatively simple cal- 
culations that the time necessary for such dissipation was 
about 100,000,000 years, that is, about the same as the 
period of planetary growth. Thus by the time the planets 
were finally formed, most of the hydrogen and helium that 
had formed the original solar envelope must have escaped 
from the solar system, leaving only the negligibly small 
traces referred to above as Zodiacal Light. 

One important consequence of the Weizsacker theory lies 
in the conclusion that the formation of the planetary system 
was not an exceptional event, but one that must have taken 
place in the formation of practically-all of the stars. This 
statement stands in sharp contrast with the conclusions of 
the collision theory, which considered the process by which 
the planets were formed as very exceptional in cosmic his- 
tory. In fact, it was calculated that stellar collisions that 
were supposed to give rise to planetary systems are ex- 
tremely rare events, and that among 40,000,000,000 stars 
forming our stellar system of the Milky Way, only a few 
such collisions could have taken place during several billion 
years of its existence. 

If, as it appears now, each star possesses a system of 
playgets, there must be millions of planets within our galaxy 
alone, the physical conditions on which are almost identical 
with those on our Earth. And it would be at least strange 
if life—even in its highest forms—had failed to develop in 
these “‘inhabitable”’. worlds. 

In fact, the simplest forms of life, such as different kinds 
of viruses, actually are merely rather complicated molecules 
composed mainly of carbon, hydrogen, oxygen, and nitrogen 
‘atoms. Since these elements must be present in sufficient 
abundance on the surface of any newly formed planet, we 
“must believe that sooner or later after the formation of the 
‘solid crust of earth and the precipitation of atmospheric 
vapors forming the extensive water reservoirs, a few mole- 
cules of such type must have appeared, owing to an acci- 
dental combination of the necessary atoms in ‘the neces- 
‘Sary order. To be sure, the complexity of living molecules 
ppekes the probability of their accidental formation ex- 
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tremely small, and we can compare it with the probability 
of putting together a jigsaw puzzle by simply shaking the 
separate pieces in their box with the hope that they will 
accidentally arrange themselves in the proper way. But on 
the other hand we must not forget that there were an 
immense number of atoms continuously colliding with one 
another, and also a lot of time in which to achieve the 


_ necessary result. The fact that life appeared on our Earth 


rather soon after the formation of the crust indicates that, 
improbable as it seems, the accidental formation of a com- 
plex organic molecule required probably only a few hundred 
million years. Once the simplest forms of life appeared on 
the surface of the newly formed planet, the process of 
_ organic reproduction, and the gradual evolution would lead : 
_ to the formation of more and more complicated forms of 


_ living organisms. There is no telling whether the evolution 


of life on different “inhabitable” planets takes the same 
track as it did on our Earth. The study of life in different 


worlds would contribute essentially to our understanding of 


the evolutionary process. 

But whereas we may be able to study the forms of life 
that may have developed on Mars and Venus (the best. 
“inhabitable” planets of the solar system) in the not too 
distant future by means of an adventuresome trip to these 


planets on a “nuclear-power propelled space ship,” the ques- 
tion about the possible existence and the forms of life in ; 
other stellar worlds hundreds and thousands of light-years | 
away, will probably remain forever an unsolved problem | 


of science. 


Do: The Earth Bears a Daughter 


Our Moon Is SomMETHING DIFFERENT 


In CHAPTER II we saw that the birth of the planets’ satel- 
lites probably took place in a manner similar to the birth of 


the planets themselves, that is, by the condensation of thin 


gaseous filaments extracted from the corresponding parent 
planets by the tidal forces of the Sun while the planets were 
still gaseous and their orbits still very much elongated. This 


origin accounts at once for the fact that the masses of the 


q 
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atellites are very small, compared with their parent bodies. 
But we have also mentioned that our Moon represents a 
striking exception among all other satellites, in that its mass 
s only eighty-one times smaller than the mass of the Earth 
(in all other cases the ratio of masses is of the order of 
several hundred thousands). It is highly unlikely that such 
1 comparatively large mass of matter could have been 
ormed from a thin gaseous filament, and we must look for 
1 somewhat different explanation of the birth of our queen 
yf night. | 

An instructive analysis of the unusual circumstances 
hat were probably responsible for the birth of the Moon 
was given by the English astronomer Sir George H. Darwin, 
who was as much interested in the evolution of the world 
)f planets as his celebrated father was in the evolution of 
he animal world. According to Darwin, the separation of 
the Moon from the parent body of the Earth took place 
juring a comparatively late stage of evolution, when the 
Earth had already cooled off to a liquid state, while its 
surface may even have been covered with a thin, solid crust. 


FIGURE 13 
A liquid body subject to a strong tidal force forms a large bulge and 
then breaks up into two pieces of comparable size. 


We have seen that the filament is formed only when the 
body acted upon by tidal forces is in the gaseous state and 
Consequently possesses a strong concentration of matter 
toward its centre. In the case of the liquefied Earth, the 
density must have been almost the same throughout its body 
because liquids are relatively incompressible,* and _ the 


*In the liquid state some increase of density toward the centre must take place 
cause of the sinking of the heavier components in the mixture of elements form- 
"Taal lanet. But as this increase of central density amounts to no more than a 

“4 tk fa it does not affect our conclusion. 
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Process of disruption by solar tidal forces must have taker 
a rather different form. In fact, Jeans, in his study of the 
equilibrium figures of rotating liquids, has shown that ir 
this case a large bulge will be formed on the frontal part 
of the disturbed body instead of a conical. point’s ejecting 
a thin filament. 
When the attraction exceeds a certain limit, this bulge 
Separates from the main body and forms a liquid wie 
containing an appreciable amount of the original material 
(Figure 13). This process is evidently exactly what we need 
to explain the birth of the Moon, but a somewhat more 
detailed study of the problem reveals that serious difficulties 
still confront us. During the early Passage of our newborn 
Earth near the Sun, when its orbit was stil] greatly elon- 
gated and its distance from the Sun at its closest approach 
still small, the Earth most probably was yet in a gaseous 
state. On the other hand, when liquefaction finally took 
place, the orbit of the Earth must have already become 
nearly circular, and the tidal forces could hardly have been. 
more efficient than they are at present. We know that the 
Sun, acting on the liquid envelope of our Earth, now pro- 
_ duces an ocean tide of only twenty centimetres (one- 
quarter of the total observed tide, the rest being due to the 
action of the Moon) whereas a tide thousands of kilometres 
high was needed to disrupt the liquid Earth. How could such — 
a gigantic tide have been raised on the Earth in those early 
Stages of its evolution? = 


THE RESONANCE T HEORY © 


3 


vals between successive pushes do not coincide with the © 
period of the swing, they will sometimes help and some- — 
times hinder the motion, and the swing will remain almost = 
at rest. But if sometimes the pushes do coincide exactly 3 
with the period of free oscillation of the swing, the ampli-— 
tude will rapidly increase and. if there is little friction, soon 
reach very high values. | 

The danger of such resonance phenomena causes officers 
to order a column of marching soldiers to break step while 
crossing a bridge, for the bridge might collapse if the 
“right, left, right, left” tempo should happen to coincid 
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with the period of the bridge’s oscillations. Likewise, in 
designing steam engines for ships it is very important to 


make sure that there is no resonance between the period 


of the engine and any free oscillation of the ship’s hull. | 


But, as we are dealing here with the oscillations of the 


liquid body of the Earth, the best example is probably that 


of a waiter hurrying with a cup of coffee. It is unfortunate 
for the diner-out that the oscillation period of the liquid in 


an average-sized cup almost coincides with the period of © 


the steps of a rapidly moving man. The periodic impulses 


received by the coffee and increased by the resonance effect 


usually cause the coffee to splash over the edge of the cup 
into the saucer; such at least were the observations of the 
author in many quick-service restaurants. 


Returning from coffee to the liquid Earth, we must con- 


clude that extremely high tides could have risen on its sur- 


face if the period of the Sun’s tidal forces ever coincided 


with the free oscillation of the Earth’s body. It can be 
calculated that the period of free oscillation of a liquid 
sphere the size of our Earth is just about two hours. This 
period was only slightly higher when the material of the 
Moon formed a part of the Earth, thus increasing its total 
mass by 1.25 per cent and its radius by 0.4 per cent. On the 


other hand, the period of tides, which occur twice daily, is 


twelve hours at present, so that resonance in the body of the 
Earth is out of the question today. Darwin pointed out, 
however, that when the Moon was still an integral part of 
the Earth the rotation of the entire system ahout its axis 
maist have been considerably faster. 

It is not difficult to estimate this increased speed of rota- 
tion in an elementary way, by applying the law of the 
conservation of rotational momentum discussed in Chapter 
Ii. At present the Moon rotates around the Earth at a 
distance of about 60 times the Earth’s radius and makes a 
complete revolution in about 28 days. When the matter com- 


_ prising the Moon was part of the Earth, its average dis- 


’ 


tance was evidently about half of the Earth’s radius. More 

careful calculations, which also take into account the in- 

crease of density toward the centre of the Earth, give 0.55 

of the Earth’s radius as the exact value. Thus, at that time 

the distance of the Moon’s material from the axis of rotation 
0.55 


as oe = 110 times shorter than it is now, and iis 
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- Iinear velocity must have been 110 times larger, according 
__ to the law of conservation of rotational momentum, so that 
this matter made a complete revolution around the axis 
(110)? = 12,100 times faster than the Moon does now. 


ae d only 
: 12,100 Ge 
3% minutes. This is 400 times faster than the Earth itself 
rotates now, and, as the Moon and the Earth were a single 
_ body at the time, the whole must have been rotating at 
_ some intermediate speed. This average speed, in which the 
_ rotation of the Earth and the Moon participated in propor- 
tion to their respective masses, can be calculated from the 
simple formula: (average speed of ger. = (the present 


x For the period of revolution we get 


e spred of the Earth’s rotation) + 37 (the speed ps ~* 


2 - Mocon’s rotation) == (1 + ) (the present speed of the 


_ Earth’s rotation) — 6 (the present speed of the Earth’s 
_ Yotation). Thus the primitive Earth-Moon body was rotat- 
ing around its axis six times faster than the Earth does now, 
making a complete revolution in four hours. The tides, 
which rise twice during each revolution, must have had a 
period of two hours, thus coinciding with the period of free 
oscillation of the whole body. 

This coincidence of the two periods, discovered by ‘Sir 
George Darwin, must have led to a resonance-induced in- 
crease of the tidal waves in the liquid body of the young 
Earth, and it is only this rare “streak of luck” that enables 
us to enjoy the beauty of moonlight nights! Of course, the 
increase in the amplitude of the tides due to resonance must 
have taken some time, and it can be estimated from the 
theory of resonance that the tidal wave had to rise and fall 
at least two million times before the increase in amplitude 
necessary for the final rupture was attained. As the tides 
followed each other every two hours at that time, we con- 
clude that it took the Earth about 500 years to give bail 
to its ponderous baby. 

We can now reconstruct the whole picture of the Moon’s 7 
birth: the Earth, which was separated from the Sun as th 
result of the tidal action of some passing star, for some 
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on or Biker failed to get a satellite in the ordinary wav — 
‘and remained childless, though most of the other planets — 
had enjoyed large families of their own for a comparatively — 
long time. The “lonely gaseous body of the Earth rapidly | 
cooled and shrank, and large drops of liquid material began 
to form in its interior, announcing the beginning of final — 
liquefaction. When the whole Earth became liquid, and a 
thin, solid crust—the forerunner of advanced age—began — 
to form on its surface, it was still childless. But here a — 
“miracle happened: the radius of the contracting Earth — 
reached a value at which the period of the solar tides co- — 
incided with the period of free oscillation of the maturing | 
‘planet’ s body. = 
This put new life into its body, and the tidal waves began © 
2 to grow larger and larger with each rotation. In some 500 
_ years éwhich i is a very short time, of course, compared with — 
the total life span of planets) the tidal bulge on the day side 
of the Earth became very large and unstable, and a giant 
liquid drop broke from the Earth’s surface. From then on, 
the Earth had a satellite, a bigger and better satellite than — 
any other of its sister planets. i 
If the Moon was formed from a big bulge on the surface © 
“of the Earth, some interesting conclusions can be drawn | 
“concerning the materials of which it consists. As we have — 
mentioned, our Earth consists of a number of shells, with — 
the heavier materials in the central regions and the lighter — 
ones on the surface. Modern geophysics recognizes the exist- 
ence of three major shells. The outer crust of the Earth 
consists of a layer of granite (with an average density 2.7 
times that of water) extending to a depth of from 50 to 100 
kilometres. This granite layer rests on a layer of heavier 
volcanic material, known as basalt, which is probably sev- 
eral thousand kilometres deep and reaches almost half-way 
to the centre of the Earth. Still farther down we find a 
molten core, consisting mostly of iron and other heavy 
é metals. The presence of this metallic core, with a density of 
about 10 (probably even higher), is responsible for the 
Pact that the mean density of the Earth, as estimated from 
its known total mass and volume, is about 5.5, that is, more 
than twice the density of the rocks found on its surface. 
_ This separation of materials is due to gravity, of course. and 
_ must have taken place when the Earth was still entirely 
Tiquid permitting easy circulation between the centre and 
‘the surface. ays, pee! the big tidal bulge separated from 


48 BIOGRAPHY OF THE EARTH 


the Earth, it probably took with it large quantities o 
molten granites and basalts, but only a very small amount 
if any, of the heavy metals from the central regions. Con 
sequently, we must expect that the mean density of th 
Moon should be considerably lower than that of the Eartl 
and only slightly higher than the densities of granites anc 
basalts. This expectation is splendidly confirmed by observa 
tions that give the value of 3.3 for the mean density of the 
Moon. Thus, in contrast to the Earth, our Moon must be o 
| Stony structure throughout its entire body. 


How THE Moon EscaApep 


If the Moon is simply a giant lump of matter torn from 
the body of Mother Earth, how did it manage to get so fat 
away from the place of its origin* and is it still receding? In 
fact, it is obvious that the Moon must have been revolving 
“almost within touch” of the Earth’s surface immediately 
after the separation, and reached its present comparatively 
large distance owing to forces that were slowly pushing if 
away and causing it to move along an unwinding spiral 
orbit. These forces must undoubtedly arise in the gravita- 
tional interaction of two bodies, but who would ever 
imagine that gravitational attraction could push anything 
away? Nevertheless, it was shown by Darwin that the gravi- 
tational pull of the Earth caused (and still is causing) its 
satellite to move steadily farther and farther away through 
a rather complicated mechanism of tidal action. In order 
to understand this process we must first study in some detail 
the effect produced by the Moon on the liquid envelopé of 
the Earth, that is, the phenomenon of ocean tides. As we 
have seen, the phenomenon of tides is a result of the fact 
that the forces of lunar attraction are stronger on the 
frontal side of the Earth (i.e., the side turned toward the 
Moon) than on its posterior side. Owing to this difference 
in attraction, two tidal waves arise on opposite sides of 
the Earth and tend to follow in their motion the revolution 
of the Moon. But the Earth rotates faster than the Moon 
revolves around it, and therefore these two waves must 
travel around the surface of the Earth, completing a full 
revolution in about 24 hours and producing the well-known 
phenomenon of periodic high and low tides. In this motion 
the tidal waves meet with definite resistance in the form of 


. re = present distance to the Moon is 384,000 kilometres, or 60 radii of the 
varth. roy 
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“continents and other irregularities on the Earth’s surface, 
or, to put it more correctly, the tidal waves in the Earth’s © 
e “liquid envelope act as a brake upon the rotation of the solid 
body of the Earth. 
= Although the friction caused by tidal waves in their un- 
_ ceasing travel around the Earth’s surface is rather small, 
it succeeds in slowing down the Earth’s rotation around its 
axis by a minute amount, so that our day grows longer and 
’ longer. The detailed study of tides, to which we shall return 
Eater, leads us to conclude that because of the lunar tides the 
length of the day must at present be increasing at the rate 
_ of one second in every 120.090 vears. 
It would seem that such apparently negligible etn 
in the length of the day could not be noticed even by the 
_ most precise astronomical instruments. Fortunately, this is 
not so; the cumulative effect of such differences, even during 
_ the period of recorded history, would result. in a total- 
_ discrepancy of the order of several hours.* When we com- 
pare the data of solar and lunar eclipses as recorded by 
Egyptian, Babylonian, and ancient Chinese astronomers 
with data calculated backward from present astronomical 
data on the assumption of constant length of day, we can 
actually observe the expected discrepancy and thus prove 
_ beyond doubt the retarding effect of ocean tides on the rota- 
tion of the Earth. 
: Applying the same rate of change to the much longer 
period of some two billion years (which have elapsed since 
_ the separation of the Moon), we find that the length of the 
day must have changed from its o original value of 4 hours to 
the present 24-hour day. 
_ The lengthening of the day produced by lunar tides 
certainly cannot remain without consequence to the motion 
of the Moon itself. We have already referred to the fact 
that, according to one of the fundamental laws of mechanics, 
the total rotational momentum of a mechanical system (in 
- this case the Earth-Moon system) must always remain 
unchanged. Thus, if the Earth’s rotation begins to slow 
gdown because of the action of the Moon, the Moon itself 
“must gain in angular velocity. This acceleration of the 


3 * From the above rate we conclude that 4000 years ago the day was 1/30th of a 

second shorter, so that the average lengthening of the day between then and now is 

1/60th of a second. As 4000 years contain 1,460,000 days, the total cumulative 

: 1,460,000 

effect should have been ha me fe = 24,000 seconds, or about seven hours. This is 
6 


,. 


7 ok _of course, but exact astronomical’ observations luckily do exist for times 
emo e past. ; 
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Moon’s rotation must have forced it to recede steadily far- 
ther and farther away from the Earth and brought it to its 
present comparatively greater distance (Figure 14). 

Exact calculations of this recession indicate that the 
time necessary to bring the Moon to its position would be 


FIGURE 14 
Explanation of the forces that slow down the rotation of the Earth 
and push the Moon farther away. 

Owing to the fact that the rotation of the Earth around its axis is 
much faster than the orbital rotation of the Moon (24 hours as against 
28 days), the friction between the tidal wave and the ocean bottom 
drags the crests of the tidal waves in an eastward direction. Since the 
front tide crest is closer to the Moon than the rear crest, the force “b,” 
pulling the Earth in the direction opposite to its rotation, is larger 
than the force “c” acting on the rear crest, and the combined effect of 
these two forces leads to the slowing down of the Earth’s rotation. 

On the other hand, the two tide crests produce certain gravitational 
attraction forces on the Moon itself, the force b’ being greater than 
the force c’. The combined effect of these two forces will be a drag 
along the Moon’s orbit, causing the acceleration of its rotation around 
the Earth. Faster rotation results, however, in greater centrifugal force, 
and the Moon slowly recedes from the Earth, moving along a spiral 
orbit. 

In this diagram the sizes of the tidal waves, as well as of those of 
the Earth and the Moon, are greatly exaggerated because of space 
limitations. 


about four billion years if tidal friction was the same in 
the past as it is now. It seems, however, that this period 
is much too long, because other evidence discussed in pre- 
vious chapters definitely indicates that the Earth is hardly. 
much more than two billion years old. The explanation of 
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this discrepancy apparently lies in our assumption that 


tidal friction was always the same as it is today. As we ~ 


have said, geological evidence indicates that the face of the 


Earth was rather different from its present state throughout 8 
a large portion of geological time, with large areas of the 
present continents covered by extensive shallow seas.* Since 


we know that the tides in the liquid envelope of the Earth 
meet the greatest resistance in shallow waters, we must con- __ 
clude that the friction experienced by lunar tides was con- — 
siderably higher during these stages of submergence and - 
that the retardation of the Earth’s rotation was proceeding 
at a correspondingly higher rate. This effect must also have ~ 
accelerated the process of the Moon’s recession, permitting — 


the Moon to draw away to its present distance in not more : 


than two billion years. ! 
It may at first seem strange that minute changes in the - 
distribution of land and water on the Earth’s surface could _ 
have been of such great importance to the motion of the : 
Moon, but it is an indisputable fact! ee 
Further study of the effect of tides on lunar motion also 
reveals that our Moon, after receding to a distance several 
times greater than at present, will begin to approach the 
Earth again, come too close, and finally “be shattered to bits. — 
But we shall reserve discussion of this problem for the last — 
chapter of this book, devoted to the future of planetary 
systems. 


TIDES ON THE Moon 


During the epoch immediately following the separation 
of the Moon from the Earth, while both were still largely 
in a liquid state, giant tides must have also arisen on its 
surface as a result of the Earth’s pull. The friction produced 
by these tides must have continuously retarded the rotation 
of the Moon about its own axis, and finally slowed it down 
to such an extent that in its travel around its orbit the Moon 
always presents only one-half of its surface to the Earth, a 
circumstance that sometimes gives rise to fantastic specula- 
ons about the mysterious “other side.” The same phenom- 
lenon is known to be true of several other satellites, and also 
lof the planet Mercury, which revolves around the Sun in 
lsuch a way that one of its hemispheres has eternal day and 
in pes cake hehe 
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Since tidal force is proportional to the mass of the dis- 


turbing body, earth-caused tides in the liquid Moon must 


have been eighty-one times higher than the lunar tides in 
our oceans; and if the distance between the Earth and the 


Moon was the same when the Moon was molten as it is now, - 
lunar tides must have reached a height of about 50 metres. 


Detailed study of the shape of the Moon shows that it is 
in fact elongated in the direction of the Earth, but that 
this elongation is about thirty times greater than should be 
expected for the tidal forces at the present distance of the 
Moon. Since tidal forces decrease with the cube of the 
distance,* we must conclude that the observed elongation 
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“The “frozen” Tidal waves 


FIGURE 15 
The figure of the Moon (drawn to an exaggerated scale) as seen from 
its pole. The broken line corresponds to the circular equator. The 
dotted line corresponds to the elongation that present tidal forces 
would produce. The solid line represents the actually observed elonga- 
tion and corresponds to the time when the distance between the Moon 
and the Earth was three times as small as it is now. 


corresponds to a time when the Moon was three times as 
close to us as it is now (Figure 15). At that stage of de- 
velopment the body of the Moon evidently had become 
too rigid to permit further deformation; the tidal wave 
became “frozen” and remained unchanged ever after, al- 
though, because of the increased distance of the Moon, 
the forces responsible for the tides were considerably re- 


* The force of gravity varies, according to Newton’s law, as the inverse square 
of the distance, whereas the tidal force, representing the difference of gravitational 


attraction on two opposite sides of the body, involves the cube of the distance. S 
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luced. The presence of this “frozen tide” is evidence of the 
Vioon’s extremely high rigidity compared with our Earth, 
vhere deformations of the solid crust are constantly taking 
lace even now (see Chapters V and VI). 

It seems certain, therefore, that the crust of the Moon 
s much thicker than that of the Earth, and our satellite ts 
wobably solid all the way to its centre. This result can be 
asily understood, for the Moon must have cooled down 
considerably faster than our Earth because of its smaller 
nass. : 

It is well known that the Moon has no water, but if its 
urface were half covered by oceans, its geography would 


FIGURE 16 
there were water on the surface of the Moon, we could see some- 
thing like this (cf. Plate III). The bright circle in the centre would 
be one of the two lunar continents. 


epresent a very peculiar sight—an almost circular conti- 
ent, formed by the frozen tidal wave, right in the middle 
bf the disk, with another antipodal continent of the same 
hape on the opposite side (Figure 16). The oceans would 
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be rather shallow, reaching a maximum depth of some 75 


metres at the visible rim of the Moon, while the continent: 


would rise slowly from the shore line to a high point o 
about 750 metres above sea level at their mid-points. Since 
water has less reflective power than ordinary rock, we shoul 


_ see the brightly illuminated surface of the continent at thi 


centre of the Moon surrounded by a considerably darkei 


ring of water. Schoolboys, who rack their brains trying te 


remember all the seas, bays, peninsulas, and _ straits 
on the complicated face of our Earth, would just love 


- such geography! 


‘THE FACE OF THE MOON 


The visible face of the Moon is rather different from tha’ 


of our own planet. While the face of the Earth is wrinklec 


with numerous chains of mountains, the face of its satellite 
might be described as covered with numerous pimples. Ir 
fact, the most characteristic features of the Moon’s stony 
face are the so-called lunar craters, which closely resemble 
the volcanic craters on the surface of the Earth, though or 


an immensely larger scale. The largest terrestrial crater: 


do not exceed 10 or 12 kilometres in diameter, but the 
craters of the Moon are often 80 to 100 kilometres across 


and occasionally reach a diameter of more than 150 kilo: 
metres. A typical lunar crater is nearly circular, its cir- 


cumference being formed by a ring of mountains sometimes 
rising as high as 7 kilometres above the surrounding plain.” 
The floor within the ring is comparatively flat, lying either 


below or above the outside plain; some of the craters are 


deep and some are filled nearly to the brim. A group of 
peaks frequently rises in the middle of the crater, attaining 
about the same height as the mountains of the crater ring 
and sometimes exhibiting holes or craters in their summits 
as well. In many lunar regions craters are so thickly dis- 


tributed that new craters overlap old ones, penetrating anc 


partly destroying their structure; the whole picture rep- 
resents a chaos of rocks more striking than in any similat 
formation on the Earth. | 

There has been much speculation concerning the origir 
of lunar craters. One hypothesis is that they are the results 
of the impact of heavy meteors on the surface of the Moor 
while still soft. The most probable explanation of these 

* The height of a lunar mountain is usually estimated by the length of h 


shadow it casts. Ag a hee -: 
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Piliae formations, however, seems to be the theory that 
1ey were produced by the gases liberated from the rocky 
latter of the Moon during the process of its solidification. 
tf is reasonable to assume that the molten material of the 
arth (and consequently that of the Moon) contained in 
lution a large fraction of the gases and vapours forming 
ur atmosphere and the waters of the oceans. While solidifi- 
ation was taking place, these gases and water vapours 
teadily escaped through the viscous surface, raising giant 
ubbles which burst and left circular rims of elevated mat- 
sr behind them. 

“The earth hath bubbles, as the water has, and these are 
f them,” was the explanation Banquo gave Macbeth for 
ae sudden vanishing of witches. Whether or not this was 
ae correct explanation of the strange phenomenon observed 
y the Shakespearian hero, it certainly hits the mark so far 
s the origin of lunar craters is concerned. The reader can 
asily visualize the process that took place on the surface 
f the Moon in the distant past by watching some pancakes 
ry and noticing the formation of bubbles and craters on 
aeir surfaces. 

And now that our reader has returned from the kitchen 
ith a refreshed mind and a pleasant feeling inside, he is 
eady to learn about other features of the Moon’s surface. 
‘side from the craters, the most striking characteristic of 
he lunar surface is the so-called “maria” or “lunar seas,’ 
high were given this name by early observers, who im- 
gined them to be large bodies of water. These maria actu- 
lily are giant stony plains covering large areas of the 
Aoon’s surface. According to accepted views, they orig- 
hated from giant eruptions of molten lava, which spread 
ver the lower levels of the primordial surface of the Moon, 
urying thousands of older craters and forming extensive 
ooth surfaces of stone. The fact that but few new craters 
n be found on these broad plains of stone indicates that 
is vast eruption took place when the major process of the 
bble-crater” formation was virtually finished. The darker 
ade of the maria, compared with the surface covered by 
aters, is probably due to the poorer reflecting properties 
f lava or to the fact that the smooth stony surfaces of these 
lains scatter less light than the irregular rocky surfaces on 
l¢ primary lunar crust. 

‘Craters and maria are the most striking features of lunar 
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topography, but there are a few long straight lines of moder. 
ately high cliffs, which are somewhat like the Earth’s moun. 
tain chains. The rarity of such formations on the surface ©: 
the Moon, however, indicates that the contraction process 
which most probably led to the rise of mountains on ow 
planet (see Chapter VI), did not play an important role 
in the history of the Moon. There are also numerous straight 
clefts, half a mile or so wide and of unknown depth, running 
in some cases for hundreds of miles straight through the 
mountains and valleys and probably representing deer 
cracks in the crust of our satellite. Finally, there is the 
peculiar phenomenon of light-coloured “rays” diverging 
from some craters and several hundred miles long. The 
origin of these “rays,” which are best visible during the 
full Moon, still remains unexplained. 

It must be emphasized that, while erosion by water and 
air constantly changes and smooths down the Earth’s land- 
scape, the surface features of the Moon, untouched by these 
destructive agents (see Plate IV), remain almost with- 
out change and thus present us with the complete history 
of their formation. There is no doubt that during the solidifi- 
cation of our own planet escaping gases formed numerous 
craters, of exactly the same character as those on the Moon. 
But all traces of these early formations have been obliter- 
ated by the action of water and air, and present mountain 
chains are of considerably later formation.* 


THE SCAR OF RUPTURE 


If the Moon had been separated from the Earth at a time 
when the latter was still completely molten, the liquid would 
have immediately covered the site of the rupture, and no 
more trace would have been left on the body of our planet 
than there is on the surface of a well from which a bucket- 
ful of water has been taken. But if at the time of rupture 
the Earth was already covered with solid crust, the newborn 
satellite must have carried away a large section of this rocky 
crust, leaving a clearly visible scar. A glance at the map of 
the Earth’s surface discloses such a scar in the deep basin 
of the Pacific Ocean, which now covers about one-third of 
the total surface of the Earth. It would, of course, be rather 
unwise to draw such a far-reaching conclusion merely from 


* One of the peculiar formations on the surface of the Earth that resembles the 
Junar craters is the famous “‘meteor crater’? in Arizona, which, as its name indi- 
cates, is supposed to have been caused by the impact of a meteor comparativel 
recently. ‘ iP tt a ee qe reels 
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vast area and roughly circular form of the Pacific, but 
ologists have discovered an additional fact that lends 
rong support to the hypothesis that the Pacific basin is 


FIGURE 17 
schematic map of the world, showing the extent of the granite layer 
(shaded areas). 


eally the “hole” left in the Earth’s crust by the separation 
f its satellites. We have already mentioned that the upper 
rust of the Earth is a layer of granite from 50 to 100 kilo- 
netres thick resting on a much thicker layer of heavier 
yasalt. This is true of all the continents and also of parts 
f the Earth’s crust that are submerged beneath the waters 
f the Atlantic, Indian, and Arctic oceans (Figure 17), 
vhare, however, the granite layer is considerably thinner. 
3ut the vast expanse of the Pacific is a striking exception— 
ot a single piece of granite has ever been found on any of 
he numerous islands scattered through that ocean. There 
hardly any doubt that the floor of the Pacific is formed 
xclusively of basaltic rocks, as if some cosmic hand had 
emoved the entire granite layer from all this vast area. 
esides, in contrast to the other oceans, the basin of the 
acific is surrounded by a ring of high mountain chains 
Cordilleras, Kamchatka, the islands of Japan, and New 
aland) of pronounced volcanic activity, known as the 
fring of fire.” This indicates that this roughly circular 
order line is much more closely connected with the struc- 
ure of the entire crust than the shore lines of other oceans. 
t is, therefore, quite likely that the area now occupied by 
he Pacific is the very place where the huge bulk of matter 
ow forming the Moon was torn away from the Earth. 
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_ All this confirms the hypothesis that our planet send ad 
possessed a thin crust of solidified granite when the meee 
separation occurred. Since the part of the crust that cover 

_ the opposite side of the Earth probably cracked too, its 


various pieces may well have separated from one another, 


thus forming the basins of smaller oceans. In fact, we shall 
see later (Chapter VII) that, as Alfred Wegener first in- 


_ dicated, the shape of the shore lines of the Atlantic and 
Indian oceans strongly suggests that once upon a time the 
continents of Eurasia, the two Americas, Australia, and 
_ Antarctica formed a continuous continental block. The pres- 


ence of granite at the bottoms of the oceans formed by 


cae enlargement of the cracks between the continents can be 


simply explained by the hypothesis that the lower part of 
the granite layer at that time still possessed a certain degree 
of viscosity (like taffy candy) and was stretched into a 
thinner layer covering the bottom of the slowly enlarging 


- cracks, This conclusion can be supported, for example, by 


the fact that the volcanoes of past geologic epochs still 


ejected large masses of molten granite, whereas present 
volcanic eruptions consist entirely of molten basalt, which 


shows that the lower layers of granite had not yet solidified 
completely. 

It is quite exciting to think that probably all the familiar 
geographic features of the Earth are due entirely to the 


_ process of the birth of the Moon. In fact, if our planet had 


been permitted to cool without any disturbances or catas- 
trophic events at all, it would now certainly consist of regu- 
lar concentric shells of different materials distributed in the 
order of their respective densities. In this case, the Earth’s 
surface would originally have been quite smooth and com- 
pletely covered with a universal ocean of constant depth. 
The subsequent cooling of the Earth’s body would have re- 
sulted in the formation of long mountain chains rising above 
the ocean level much like the islands of Japan. The hypo- 
thetical present face of the Earth would then represent the 
rather unusual picture of an all-embracing ocean dotted with 
a large number of “Japans” of all kinds and descriptions 
(Figure 18). In order to produce the sort of Earth we actu- 
ally have, with large and rather flat continental blocks of 
granite anchored into the deener layer of heavier materials, 
some kind of rupture was. absolutely necessary, and the 
separation of the Moon provides an excellent explanation 


ae 


of how it happened. 3 ae , ae 
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In the following chapters we shall return to the impor- 
tant question of how the Earth’s surface originated. At this 
point we shall ask only whether traces of the rupture can 
also be found on the surface of the Earth’s daughter. It is, 
pf course, practically impossible to answer this question, at 
least until some adventurous geologist packs his hammers 
and drills and departs for the Moon in an interplanetary 
rocket ship or a shell fired from a giant cannon, emulating 


. FIGURE 18 
f the Earth had not given birth to the Moon, its surface would now 
look something like this. 


Jules Verne’s celebrated story. We are restricted by the fact 
‘that the features of only half the Moon’s surface are di- 
rectly visible to us. As a tentative hypothesis, one might 
uggest that the iunar maria (which we have assumed to 
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be the result of violent eruptions of magmas during the 
Moon’s past) originated at the same time as the basin of 
the Pacific Ocean, and that the lighter areas on the Moon > 
represent pieces of the Earth’s primeval crust that the Moon 
carried away with it. However attractive such a hypothesis 
seems, it is not very plausible, for the granite crust that 
once covered the area of the Pacific is five times as large 
as the entire surface of the Moon. Yet it is not impossible 
that different pieces of the primeval crust carried away by 
the Moon may have overlapped, leading to the formation 
of thicker and thinner layers of granite, the latter being 
subsequently inundated by molten material from the in- 
terior. But all this is, of course, bound to remain in the 
region of pure speculation for a long time to come. 


4, The Family of Planets 


COMPARATIVE PLANETOLOGY 


BEFORE, getting down to the main subject of this book, 
our own planet, let us make a brief survey of the other 
members of the solar system and compare their physical 
properties with those of the Earth. This “comparative 
planetology,” as it may be called, will help us to under- 
stand the characteristics of our own planet, much in the 
same way as comparative anatomy gives biologists a better 
understanding of the human organism by comparing it with 
those of mosquitoes and elephants. 

We find that some of the planets, such as Mercury, are 
so small, compared with the Earth, that the attraction of 
gravity at their surfaces is too slight to hold down their 
atmospheres, which escaped completely into interplanetary 
space soon after their formation. Moreover, Mercury is so 
close to the Sun that its surface temperature must be un- 
bearably hot—lead would melt on the side of Mercury that 
faces the Sun! 

In the case of Jupiter, which is much farther away, the 
Sun cannot raise the surface temperature above —90° C. 
(—130° F.), even on the hottest “summer afternoon”’; one 
would be able to throw snowballs all year round at the 
equator of this giant planet (provided, of course, one had 
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enough strength to throw a snowball, which would be ex- 
tremely heavy, owing to the strong gravitational attraction 
at Jupiter’s surface). What is more, one would have to wear 
a gas mask while playing in the snow, because Jupiter’s — 
mass gives it a power of attraction oreat enough to holda 
dense and extremely poisonous atmosphere. | 


FUGITIVE MOLECULES 


To understand how planets lose their atmospheres, we 


must remember that the gaseous state of matter differs from 
the liquid and solid states in that gas molecules are free, 


incessantly darting back and forth in irregular zig-zag paths Wy 


and colliding with one another, while in liquids and solids — 


the separate molecules are bound together by strong co- 
hesive forces. Thus, if a gas is not surrounded on all sides 
by impenetrable walls, its molecules will rush off in all 
directions, and the gas will expand without limit into sur- 
rounding space. 

_ In the case of our own atmosphere, Ghd has no glass 
cover above it, of course, such unlimited expansion is hin-~ 
dered by the gravitational attraction of the Earth. The 
molecules of air that are moving upward against the force © 
of gravity must soon lose their vertical velocity, much in > 
the same way as an ordinary bullet shot into the sky. It is 
clear, however, that if we used some kind of “supergun” 
to give the bullet an initial velocity high enough to over- 
come the Earth’s attraction, the bullet would escape into 
interplanetary space, never falling back to Earth. From the 
kriown value of gravity at the surface of the Earth we can 
easily calculate that the ‘“‘escape velocity” would have to 
be 11.2 kilometres per second, which is many times more 
than the highest muzzle velocity in modern artillery. The 
escape velocity for a given planet is independent of the 
projectile’s mass; it is the same for a big-gun shell weigh- 
ing a ton or more and for the minutest molecules of the 
air. The reason for this is that both the kinetic energy of 
the projectile and the gravitational forces acting upon it are 
proportional to its mass. 

Thus, to determine whether the molecules of the atmos- 
phere can escape from the Earth, we must know the veloc- 
ities with which they move. Physics teaches us that molec- 
ular velocities increase with the temperature of the gas and 
are smaller for the molecules of the heavier elements. At 
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the temperature at which water freezes, for example, the 
molecular velocities for hydrogen, helium, water vapour, 
nitrogen, oxygen, and carbon dioxide are 1.8, 1.3, 0.6, 0.5, 
0.45, and 0.4 kilometres per second, respectively; at 100° C. 
(212° F.) these velocities are increased by 17 per cent, and 
at 500° C. (932° F.) they are increased by 68 per cent. 
Comparing these figures with the 11.2 kilometres per second — 
required for escape from the Earth, the reader would be 
inclined to believe that none of these gases could ever take 
flight from our atmosphere. 

This conclusion is not quite correct, however, because the 
molecular velocities given above are merely average values, 
that is to say, most of the molecules are moving at these 
speeds, while there always is a small proportion of slower 
and faster molecules. The relative number of these excep- 
tionally fast or exceptionally slow molecules is given by the 
distribution law formulated by James Clerk-Maxwell. Using 
the Maxwell distribution law, we can calculate that the pro- 
portion of molecules possessing the velocity required to 
escape from the Earth is represented by a ridiculously small 
decimal fraction, with two hundred zeroes after the decimal 
point! But as there are always some molecules that can 
escape, they will do so, and their places will be taken by 
other molecules that formerly were moving more slowly. 
The percentage of such “fugitives” is considerably greater 
in the case of hydrogen molecules, which have a higher 
average velocity, while it is much lower for carbon dioxide 
molecules, whose average velocity is lower. 

Thus we see that planetary atmospheres are gradually 
being ‘‘filtered” by this escape process, with large quantities 
of the heavier gases remaining long after the lighter gases 
are almost completely gone. As for “lost atmospheres,” it 
is not a question of whether a given planet can lose its 
atmosphere (any planet can if given sufficient time!) but 
whether the planet involved could have actually lost its 
atmosphere during the period of its existence. 


THE ATMOSPHERES OF PLANETS AND SATELLITES 


Caiculations have shown that the Earth is likely to have 
lost most of its atmospheric hydrogen and helium during 
the two billion years that have elapsed since its birth, 
whereas the heavier molecules of nitrogen, oxygen, water 
vapour, and carbon dioxide should have remained in large 
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yuantities. This explains why hydrogen is practically absent 
from our atmosphere, remaining on the Earth only in a 
combined form in water and certain other chemical com- 
90unds. It also explains why the inert gas helium, which 
forms practically no chemical compounds, is so rare on our 
Slanet, although astronomical evidence indicates it is abun- 
dant on the Sun, from which the Earth was originally 
formed. 

Following the dictates of chivalry, we shall now take up 
Venus, which is the next smaller planet after the Earth and 
has an escape velocity of 10.7 kilometres per second, only 
slightly lower than that of the Earth. Accordingly, we must 
expect Venus to have an atmosphere only slightly more 
rarefied than our own, with large quantities of water. As 
Venus is nearer the Sun than we are and thus receives a 
correspondingly large amount of solar radiation, much of 
this water must be present in the form of clouds that hide 
the beautiful face of the Goddess of Love and forever ob- 
scure it from our eyes. This white veil of clouds, illuminated 
by the rays of the Sun, gives Venus an extremely high sur- 
face brightness and makes it the most brilliant of the 
planets (Plate VA). 

As for Mars, which is the next smaller planet, possessing 
an escape velocity of only 5 kilometres per second, we must 
expect to find an atmosphere much more rarefied than ours, 
an expectation that agrees with the results of direct observa- 
tion. Plate VIA shows two photographs of Mars, in which 
one half of the planet was photographed by ultraviolet light 
and the other by infrared. As ultraviolet rays are greatly 
scattered by the atmosphere, details of the planet’s surface 
do not show at all in that half, the image actually repre- 
enting a photograph of the Martian atmosphere itself. 
omparing this half of the image with the other half, taken 
y infrared light and unaffected by the atmosphere, we are 
ble to observe the extent of that atmosphere. Another proof 
f the existence of an atmosphere on Mars is the clouds that 
an sometimes be observed as small white specks on the 
rface of the planet (Plate VIB). These clouds, however, 
re considerably rarer than those over the Earth, from which 
é€ must conclude that water is rather scarce on the face of 
he bellicose planet. Although there are definite indications 
f the presence of water in liquid form on the surface of 
Mars, there are no big oceans comparable to ours, and the 
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water is probably distributed in the form of extensive marsh- 
lands and shallow lakes. is 
- Now we come to the smallest of all the planets, Mercury, — 
whose mass is twenty-five times smaller than the Earth’s 
and whose escape velocity is only 3.5 kilometres per second. © 
No gas molecule could stay on so small a planet for more ~ 
than a couple of centuries, and Mercury must have lost its 
atmosphere together with its water supply as soon as the 
gases were liberated from its cooling body. ; 


The same situation prevails in even greater degree on the 
Moon (with an escape velocity of only 2.4 kilometres per 
second), as well as on all other satellites and all the as- 
teroids. It is amusing to note that the force of gravity on 
the asteroid Eros is so small that a stone thrown upward 
by a good catapult would fly away and never return! 


When we turn to the larger planets, Jupiter, Saturn, 
Uranus, and Neptune,* with escape velocities of 61, 37, 21, 
and 22 kilometres per second, respectively, we find an alto- 
gether different situation. The atmospheres of these giants 
among the planets not only retain oxygen, nitrogen, water 
vapour, and carbon dioxide, but also most of the hydrogen 
and helium that was present originally. 


Since there is far more hydrogen than oxygen on the Sun, 
and consequently on these large planets as well, all the 
oxygen is present in a combined form in water, with none 
left in the atmosphere, which consists chiefly of nitrogen, 
hydrogen, and helium. We should also expect that since 
hydrogen is present in such abundance, it will unite with 
carbon and nitrogen, forming the poisonous marsh gas, 
methane, and volatile compounds of ammonia, which will 
saturate this deadly atmosphere. Analysis of the sunlight 
reflected from these large planets does in fact show strong 
absorption lines due to these gases. On the other hand, spec- 
troscopic analysis gives no indication of the presence of 
oxygen or carbon dioxide, without which life is quite im- 
possible. Water vapour, which ought to be present in the 
atmosphere of these planets, is also absent. This deficiency, 
however, is easily explained by the fact that their surface 
temperatures are so low (owing to their great distance from 

* On Pluto, which is but slightly larger than Mercury, we should also expect the 
entire atmosphere to be gone. Moreover, the temperature on its surface must be 
nat gk ip absolute zero, —273.1° C. (—459.6° F.), owing to its distance from — 
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the Sun) that all water is precipitated in the form of snow 
and ice. 

Plates VII and VIII are photographs of Jupiter and 
Saturn. The markings on the disk are of atmospheric origin; 
no human eye has ever penetrated deep enough to see the 
solid crust of these planets. 


CONDITIONS FOR LIFE ON THE PLANETS 


When we discuss the possibility of life on other planets, 
we come to a delicate point, for we do not actually know 
what life is or what forms of life different from those on 
the Earth are possible. Life in any form is doubtless totally 
impossible at the temperature of molten rock (above 
1000° C. or 1800 °F.), or at absolute zero (—273.1° C. or 
—459.6° F.), at which all materials become quite rigid, but 
these are extremely wide limits. If we restrict ourselves to 
the ordinary forms of life found on the Earth, we can nar- 
row these limits roughly to the temperature range in which 
water, the most essential constituent of organic structure, 
remains liquid. Some bacteria, of course, can stand boiling 
water with impunity for a time, while polar bears and 
Eskimos live in regions of perpetual frost. But in the first 
instance the death of the bacteria is only a question of time, 
and in the second we are dealing with highly developed or- 
ganisms that keep themselves warm with furs and by a 
natural oxidation process within their bodies. From what 
we know of the evolution of life in the most elementary 
forms it can be concluded almost without doubt that life 
could not have originated or developed on the Earth if the 
oceans had forever boiled or had been frozen solid. 

We can, of course, conceive of entirely different types of 
iving cells, in which silicon might take the place of carbon, 
hus permitting these cells to endure considerably higher 
emperatures. Likewise, we can imagine organisms that con- 
ain alcohol instead of water, and therefore would not be 
rozen stiff at glacial temperatures. Yet, if such forms of 
ife are possible, it is hard to understand why no such 
alcoholic” animals and plants are found in our own polar 
egions, and why the boiling waters of geysers are absolutely 
evoid of “silicon life.”” Hence it seems quite probable that 
he conditions under which life is possible anywhere in the 
niverse do not in general differ greatly from those under 
yhich life is possible on our Earth. Accepting this tentative 
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assumption, let us now investigate the conditions for life 
on the various planets of the solar system. 

Beginning our survey with the large outer planets, we 
must admit that there is hardly a chance for life to exist 
on their giant bodies. These planets are far too cold, as we 
have seen, and life is also out of the question there because — 
their poisonous atmospheres contain neither oxygen nor 
carbon dioxide nor moisture. 
| Among the smaller “inner” planets, Mercury not only 
_ lacks air and water, but is so close to the Sun that the tem- 
perature on its daylight side rises high enough to melt lead! 
We may recall that only one of Mercury’s hemispheres ever 
sees daylight, because the action of solar tides long ago: 
slowed down the rotation of this planet so that it always 
- turns the same side toward the great central body. Eternal 
night reigns on the opposite side, where the temperature is 
far below the freezing point of water—nor is there any 
water to freeze. No, life cannot exist on Mercury! 

This leaves us with only two other planets, Venus and 
Mars, our inner and outer neighbours. Both possess atmos- 
_ pheres comparable to our own, and there are definite indi- 
cations that both possess an adequate amount of water. 

As far as surface temperatures are concerned, Venus must 
be, in general, somewhat warmer than the Earth, and Mars 
somewhat cooler. The permanent layer of thick clouds that 
obscure the surface of Venus makes an estimate of the tem- 
perature on the ground below rather difficult, but there is 
no reason to expect that the temperature and humidity on 
Venus are much worse than, for example, in Washington, 
D.C., during a heat wave. On Venus’s perpetually dark side 
the descending air currents must make the sky quite clear 
and the nights rather cool. These clear skies should offer 
us an opportunity to observe the surface structure of the 
planet, but unfortunately Venus—like every modest woman 
—removes her veils only under cover of darkness. Our in- 
ability to see the surface of Venus also makes it difficult to 
obtain any definite information about its rotation, though 
some recent observations indicate that a day on Venus must ~ 
be as long as several weeks on the Earth. Since Venus’s 
period of revolution around the Sun is 32 weeks, we may 
say that there actually is a succession of day and night. 
This picture is not so encouraging on the whole, but we may 
infer that some sort of life, at least, is possible on Venus. 
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Whether life really does exist on Venus is quite a different 
atter, which at first glance seems wholly unanswerable 
‘cause no one has ever seen its surface. Certain informa- 
on concerning the presence of living cells on Venus, how- 
rer, can be obtained from a spectroscopic analysis of its 
mosphere. The presence of any type of vegetation on a 
lanet’s surface would necessarily lead to a noticeable con- 
mtration of oxygen in its atmosphere, inasmuch as it is 
ie main physiological function of plants to decompose the | 
srbon dioxide of the air, consuming the carbon in the 
rocess of growth and liberating oxygen. As we shall see 
ter, all the oxygen in the Earth’s atmosphere is probably 
ue to this work of plants; if some catastrophe caused the 
rassy fields and forests to vanish from the face of the 
‘arth, atmospheric oxygen would soon disappear, being con- 
umed in various oxidation processes. Spectroscopic analysis 
f the atmosphere of Venus fails to indicate free oxygen, 
hough scientists would be able to detect as little as one- 
housandth of the oxygen content of our own atmosphere. 
“his leads us to conclude that there is no extensive vegeta- 
ion on the surface of Venus. Without vegetation, animal 
ife is scarcely possible, for, after all, animals cannot live 
imply by eating one another. Besides, there is no oxygen 
or them to breathe. 

So it seems fairly certain that life failed to develop on 
he surface of Venus for some reason or other, despite 
elatively favourable conditions. This failure might be due 
0 the thick layer of clouds on its daylight side, which might 
srévent the solar rays from penetrating to the surface in 
sufficient quantity to support the growth of plants. 


THe Arto FACE oF MARS 


Our outer neighbour Mars is the only planet whose sur- 
ace can be observed in some detail, and hence far more is 
nown about it than about all the other planets together. 
t its closest approach to the Earth, Mars is but 55,700,000 
ilometres away, and its atmosphere is clear and trans- 
rent, with only occasional small clouds (Plate Vic). Spec- 
roscopic analysis of its atmosphere discloses the presence 
f oxygen, carbon dioxide, and moisture, thus suggesting 
he existence of extensive vegetation and the possibility of 


imal life. 
But because of its comparatively low escape velocity the 
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atmosphere of Mars is now considerably more rarefied than 
ours, with an atmospheric pressure only one-tenth of that 
of the Earth. If man ever succeeds in reaching Mars, he 
will be subjected to the same atmospheric conditions that 
an airplane pilot would encounter at extremely great alti- 
tudes. Since its formation Mars has apparently also lost a 
considerable proportion of its water, and though the water 
has not disappeared completely, the climate of that planet 
is probably quite dry. 

As seen through the telescope, Mars presents a rather 
smooth surface without noticeable mountain ranges like 
those on the Earth.* There are, however, permanent mark- 
ings on the surface of Mars that suggest a definite type of 
landscape. About five-eighths of the surface is ruddy or 
orange-coloured, giving the planet the generally reddish tint 
that led the ancients to associate it with the God of War. 
The colouring of these areas always remains unchanged, and 
it is fairly certain that they are rocky or sandy expanses 
devoid of vegetation. The other three-eighths of the planet’s 
surface consists of bluish-grey or greenish regions which 
were originally thought to be large basins of water much 
like our oceans and seas. Because of this assumption these 
regions still bear such names as Mare Sirenum and Sinus 
Margaritifer. But these darker areas are not water surfaces, 
for if they were, they would be much more uniform in colour 
_ and, what is much more important, they would reflect the 
rays of the Sun brilliantly under favourable conditions. The 
bluish and greenish tints suggest, on the other hand, the 
presence of vegetation, and this hypothesis receives strdng 
support from observed seasonal changes in their colouring. 
In fact, the greenish colouring of these regions is most con- 
spicuous during the spring period of the hemisphere in 
which they lie, steadily fading and turning yellowish brown 
as the winter period approaches. It is extremely difficult to. 
conceive that anything but vegetation like that on our Earth 
would be able to produce all these effects, and, as the pres- 
ence of free oxygen in Mars’s atmosphere presupposes the 
existence of plants, we must conclude that the darker re- 
gions are really plains covered with grass, bushes, or trees. 

Although no apparent areas of free water can be discov- 
ered on the surface of Mars, there is ample evidence of snow 
and ice, which form two brilliantly white caps at the poles 


* Such mountains on the surface of Mars would be easily discernible by the long 
shadows they would cast during the planet’s sunset, 
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the planet (Plate VB). The seasonal changes of Mars are, 
course, most noticeable at its polar caps. During the win- 
periods they extend almost half-way to the equator (in 
restrial terminology we should say that snow falls at the 
itude of Boston), the rays of the Sun pushing them back 
the poles again in the spring. The southern polar cap 
netimes disappears completely during the hottest days of 
mmer in the southern hemisphere. In Mars’s northern 
misphere, which is the colder of the two (precisely the 
posite of the state of affairs on the Earth*), the snow 
ver disappears completely; it is merely reduced to a tiny 
lite spot near the north pole. The disappearance of the 
Jar caps on Mars is due not to its warmer climate (we 
ow that it is colder than the Earth), but to the compara- 
ve rareness of water, which prevents the formation of a 
ick ice sheet. If snow formed only thin layers of ice at 
e Earth’s poles, these layers would melt away under Sun 
en more quickly than the Martian polar caps. 
Study of the growth and melting of polar caps offers a 
eful method of estimating the comparative heights of dif- 
rent landscape features on Mars. When the snow line re- 
eats toward the poles in the spring, some white spots 
main behind for a time, evidently indicating higher re- 
ons. Moreover, it is in these regions that snow first begins 
y fall with the approach of winter.} Since the “first snow” 
lways appears on the reddish parts of the planet, we must 
mclude not only that they represent comparatively ele- 
ated regions, but that vegetation is concentrated at the 
ywer levels. The difference in height between the upper and 
ywer regions of Mars, however, is not very great, it is cer- 
jinly much less than it would be on the Earth if the waters 
f the oceans should diffuse into interplanetary space, leav- 
g the ocean floors exposed to the air and covered with 
egetation. 
We saw in Chapter III that the origin of the Earth’s high 
ntinental blocks and deep ocean basins must be sought 
the peculiar process of the Moon’s birth. Since no such 
latastrophe occurred on Mars, which obtained its two satel- 


s, Phobos and Deimos (Fear and Terror), in the ordi- 
* Owing to the ellipticity of the Earth’s orbit, the Earth is closer to the Sun 
ring the northern winter and farther from it during the northern summer. This 
akes winters in the Northern Hemisphere milder and summers cooler, while the 
louthern Hemisphere has colder winters and warmer summers. The colder winter in 
e Southern Hemisphere results in the formation of an antarctic polar ice cap that 
Jarger than the one at the North Pole. 

| + Nowhere on the surface of Mars can we observe permanent ice formations like 
€ eternal snow of mountain regions on the Earth. This is an additional proof of 
absence of high mountains on Mars. 
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nary manner, while still in a gaseous state, there is no rez 
son to expect its surface to be as disrupted as that of ou 
own planet. If there were more water on Mars, the plane 
would be entirely covered by oceans; it would appear t 
‘us as a smooth, evenly coloured sphere with occasional bri 
liant reflections of the Sun on its surface. | 

Temperatures on the surface of Mars, which seems to b 
the most comfortable place for life to exist beyond ou 
Earth, are also of some interest. Measurements made wit 
the bolometer, a highly sensitive instrument that record 
_ the amount of heat radiated by objects at vast distances 
indicate that the mean temperature is only 10° C. (50° F. 
or possibly slightly higher along the equator. Just after sun 
rise or before sunset the temperature must be well beloy 
the freezing point of water even in the equatorial regions 
while the nights must be very cold.* The polar regions, o 
-course, are much colder; at the ice caps the temperature i 
_ probably as low as —70°-C. (—94° F.). Such a climate cai 
hardly be called comfortable, but it is far from prohibitiy 
for vegetable or even animal life. 

Although vegetation definitely exists on Mars, proof 0 
disproof of the existence of animal life is naturally mucel 
more difficult. Some twenty-five years ago the romantic an 
nouncement of an American astronomer, Percival Lowell 
caused great excitement in the scientific world and among 
the general public. Lowell claimed to have discovered proof 
not only of the existence of animal life, but also of a higk 
degree of culture among the ‘‘inhabitants” of Mars. 

- His claim was based upon the so-called ‘Martian canals,’ 
a geometrical network of perfectly straight, narrow, sharply 
defined lines on the surface of the planet that had been first 
reported by the Italian astronomer Giovanni Schiaparelli in 
1877 and since described by several other observers (Plate 
Vic). If such “canals” actually existed, their geometrically 
perfect regularity could be explained only as the result of 
the activity of intelligent beings. And Lowell developed a 
bold and ingenious theory according to which these canals 
were constructed by Martians who, facing a scarcity of 
water, built a giant irrigation system in their desperate 
struggle for life on the dying planet. According to Lowell, 
the surface canals represented regions of parks and gardens 


* Occasionally smal] white specks are observed near the sunrise area of Mars; 
they disappear rapidly when the Sun rises higher over that area. There is no doubt 
that these white specks are quite similar to the hoar-frost formed on the surface 


of the Earth during cold nights. : 
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etching along these artificial waterways, which cross the 
‘ren, red-tinted deserts. He imagined that at the begin- 
z of spring in one of the hemispheres, when the snow of 
> polar cap began to melt, the resulting water was arti- 
ally pumped along these canals to supply the dry equa- 
ial regions, and he even made an attempt to estimate the 
ocity of the water flow in the canals from the progressive 
anges in their colour. 

These speculations are extremely exciting, and they would 
o be of great value if the “canals” actually existed. Un- 
tunately, however, they do not, as has been proved by 
servation made with superior telescopes and by advanced 
otographic methods. It seems that the network of canals 
orted by sc many observers is simply an optical illusion 
ising from the tendency of the human eye to connect de- 
Is by narrow lines forming a geometrical pattern when- 
er it looks at something near the limit of visibility. There 
2 innumerable dark spots on the surface of Mars, but no 
aight lines or canals connecting them! And we still do not 
iow whether or not there is animal life on Mars. 


9D. Journey to the Centre of the Earth 


HE DEEPER THE HOTTER 


st US Now return to the Earth and, disregarding the 
auty of its surface landscape, start on a journey deep into 
e interior toward the centre of our globe. Yet, though we 
we very comfortable means of communication along the 
arth’s surface and can rise with Prof. Piccard into the ex- 
mely rarefied outer stratosphere, facilities for travelling 
wnward are extremely poor. The deepest mines and wells 
today hardly reach a depth of three kilometres, which is 
s than one-twentieth of one per cent of the total distance 
the centre. Beyond this limit direct investigation is at 
esent absolutely impossible. 

ut even with this comparatively small range of attain- 
le depths, investigations reveal one extremely important 
ct: the temperature of the rocks steadily increases as we 
ig deeper and deeper beneath the surface. In deep mines 
e temperature always rises rather high, and in the world’s 
epest gold mine, the Robinson Deep (South Africa), for 


example, the walls are so hot that a half-million-dollar air- 
conditioning plant had to be installed to prevent the mine 
from being roasted alive. The most comprehensive dat: 
about the temperature distribution under the surface of the 
Earth are obtained from deep well-borings carried on i 

several thousand different localities all over the surface of 


re 


the globe. Measurements in such wells show that temper- 
ature increase with depth is quite a general phenomenon 
and is practically independent of the geographic site of th 

observation station. Close to the surface there are always 


some deviations from uniformity because of the prevailing 


FIGURE 19 

The increase of temperature at great depths does not depend upon 
conditions on the surface. At a depth of about 7200 feet the boiling 
point of water is reached. 


climatic conditions, and rocks situated only a few hundred 
feet under the polar tundras are naturally somewhat colder 
than those under the Sahara Desert. Measurements made in 
wells bored through the ocean floor (not far from the shore, 
of course) also indicate that the temperature of rocks deep 
under the water surface is lower than those at the same 
depth under the continents. All these differences, however, 
are limited to a comparatively thin outer layer of the crust. 
and at greater depths the surfaces of equal temperatures 
closely parallel to the surface of the globe. Figure 19, whi 
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gives the observed temperature changes in the accessible 
outer layer of the crust, shows that the increase of temper- 
ature is remarkably steady there, amounting to about 30° C, 
per kilometre of depth (or 16° F. per thousand feet). 

__ Since the average temperature of the Earth’s surface is 
about 20°C. (68° F.), the temperature of rocks rises to 
the boiling point of water at a depth of only two and a half 
kilometres. lf water from the surface of the Earth, leaking 
through occasional cracks in the crust, reaches this depth, 
it begins to boil and is ejected by vapour pressure in the 
form of the magnificent hot geysers so familiar to visitors 
to Yellowstone National Park. 

If the rise of temperature continues at the same rate 
through the first few dozen kilometres beyond the explored 
Tegion (and there are no apparent reasons why it should 
not™), the temperature of molten rocks (1.e., between 1200° 
and 1800° C. or 2200° and 3300° F.) must be reached at 
@ depth of about 50 kilometres below the surface. There 
seems to be no doubt that the molten lava that is ejected 
by the numerous volcanoes on the surface of the Earth orig- 
imates at about the same depth. In fact, measurements of 
lava temperature inside the volcanic craters always yield 
the value of about 1200° C. (2200° F.), corresponding to 
a depth of about 50 kilometres. Volcanic eruptions, which 
long before the foundation of scientific geophysics led the 
ancients, to the hypothesis that “Hell” is situated some- 
here under their feet, give us the best proof of the thinness 
of the solid crust upon which we base all our life. 


°s 
OLIDS THAT FLow Aanp Liouips THAT CRACK 


It seems at first sight that this evidence leaves no room 
for any doubt that some 50 kilometres under our feet the 
acks constituting the body of the Earth must be in a com- 
pletely molten state and resemble ordinary fluids in all their 
properties. And one may therefore be very much surprised 
0 learn of another set of observational data definitely in- 
Hicating that the material of the Earth possesses all the 
properties of the ordinary elastic solid down to a depth of 
ut least 3000 kilometres (i.e., half the distance to the cen- 


ingly contradictory properties: being a solid and a liquid © 
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waves propagated through the deep interior of our planet, 
force us to consider the material of the Earth to be almost — 
as elastic as a good steel spring. 

Is this really an unanswerable contradiction of facts, or 
can these two apparently directly opposite conclusions be — 
reconciled in some way? Can matter be fluid and elastic at © 
the same time? Of course, nobody would ever dream of 
- making a watch spring of liquid water or of pouring an iron — 
bar from a glass, but, strange as it may seem, there are : 
many substances that unite in themselves these two seem- — 


ay 


at the same time! Let us take, for example, a stick of ordi- 
nary sealing wax and hit it with a hammer. The stick will, — 
of course, break into many pieces, as if it were made of clay — 
or glass. But if we put another stick of sealing wax in a 
jar and forget about it for a couple of years, we shall find — 
that the sealing wax had spread all over the jar, filling it 
as if it were a liquid. In the same way, a coin placed on a 
seemingly solid surface of tar will sink through it if given 
enough time, while a piece of cork will move upward ~ 
through the “solid” tar as if through the water. Another — 
famous example is shoemaker’s wax, which is apparently ~ 
so rigid that it can be used for tuning forks. If, however, - 
a musician using such a fork leaves it lying somewhere on 
the shelf for a long time, he will find to his very great sur- 
prise that his tuning fork has spread all over the shelf as 
if it were made of honey.* 
From the strictly physical point of view, substances such — 
as tar and various waxes must be considered as actually : 
liquid bodies, and their apparent ‘‘solid” properties must be : 
ascribed to their extremely high viscosity. They will cer- — 
tainly crack under the action of strong instantaneous forces, 
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which try to change their shape much too fast, but they will 
flow under the action of weaker forces operating during 
sufficiently long periods of time. 

The difference between these hyperviscous solid-looking 
substances and real solids, which would never flow, lies in 
their internal molecular structure. In real solids the mole- 
cules are arranged in a regular pattern, forming a so-called 


ware dating back to the first Egyptian Pharaohs has not noticeably changed i 
form during the thousands of years since it was fabricated; but the fluidity of g 


must be expected from its non-crystalline structure, as we shall explain later, 
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crystal lattice,* whereas the molecules of ordinary, as well 
as hyperviscous, liquids are distributed in complete disorder. 
In crystalline substances any dislocation of the molecules 
will give rise to forces tending to bring them back to their 
Original position in the lattice, whereas in liquids the mole- 
cules will “slide” relative to one another, and their motion 
will be hampered only by the “frictional” forces between 
them. If these frictional forces are sufficiently large, the 
group of molecules will be able to change its form only very 
‘slowly and will simply break down at any attempt to de- 
form it faster. The ability of molecules to “slide” depends, 
of course, on their nature, as well as on the degree of their 
compactness produced by outside pressure. At ordinary at- 
mospheric pressure the molecules of most substances will 
“slide” rather easily as soon as thermal motion dislocates 
them from their original position in the crystal lattice, and 
only in very few cases, such as tar or wax, will the frictional 
forces be of any importance. But at the very high pressures 
existing in the interior of the Earth,f the “squeezing” of 
the molecules forming the rocks will be so large that even 
above the melting point their fluidity will be extremely 
small. 

This enables us to understand why, at great depths be- 
neath the surface of the Earth, rocks can react as perfectly 
elastic material to such comparatively rapidly changing 
forces as those originating in earthquake waves,t in spite 
of the fact that they are actually molten and would flow if 
given a long enough time to do so. 

The fluidity of matter at great depths, however, becomes 
Pparent as soon as an occasional crack occurs in the solid 
outer crust of the Earth. The hot plastic matter of the 


this molten matter enters the region of lower 
its molecules gradually “loosen up.” The 
olten substance slowly regains its mobility and comes out 
f volcanic craters in the familiar form of red-hot liquid 


* Although all solid bodies possess crystalline structure, in many of them the 
Parate crystals are so small and so well moulded together that the fact can be 


| t The tidal forces, changing in direction every six hours, can, of course, also be 
nsidered rapidly changing forces in respect to substances of such high viscosity. 
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lava (Figure 20). | 
It is, of course, not necessary that the crack in the solid 
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FIGURE 20 
Schematic diagram of a volcanic eruption. 

crust extend all the way from the region of molten rocks to 
the surface of the Earth. There seem to be many instances ~ 
where the molten matter stops before reaching the surface — 
and spreads out horizontally, forming the nests of igneous ~ 
material known in geology as “laccoliths.” Such formations ~ 
are often exposed on the surface if subsequent erosion has 
removed the layers of rock above them. 


FLOATING CONTINENTS 


It was stated in Chapter III that a considerable portion 
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of the Earth’s original granite crust had been torn away 
during the birth of the Moon to form the body of its satel- 
lite. The giant fragments of the remaining primeval crust, 
which were floating on the molten surface of the heavier 
basalt immediately after the catastrophe of the Moon’s 
birth, now constitute the continental massifs, whereas the 
Solidified outer layers of the exposed basalt (covered, with 
the exception of the Pacific basin, by a very thin granite 
layer) form the bottoms of the eceanic basins. The conti- 
hental masses then floated in the ocean of molten basalt 
Much as icebergs now float on the water surface of the 
ocean today. 

To support the parts of the continents that protruded 
above the molten surface the continents must have been 
submerged, deep enough for the weight of the displaced 
liquid to equal the total weight of the floating body (Archi- 
medes’ law). From the relative densities of granite and 
basalt rocks (2.65 and 2.85, if water is taken as unity) it 
is easy to calculate that only one-thirteenth of the total 
thickness of the granite blocks protruded above the level 
of the liquid basalt.* After the outer layer of basalt solidi- 
fied, and the continents became anchored in the new solid 
Tust, their elevation above the basalt surface must have 
emained essentially unchanged so long as the newly formed 


fontinental blocks were compressed and pushed upward. 
t is not difficult to calculate that, with the waters filling 
he ocean basins almost to the brim as they do now,} the 
levation of continental massifs above the basalt surface of 
he ocean bottoms must be about one-ninth of their total 
hickness. As the present average elevation of the conti- 


| ™ We find from Archimedes’ law that the protruding portion of a float must equal’ 
é density difference divided by the density of the liquid. Using the values given 
ve we obtain for the protruding fraction: 

2.85—2.65 1 
i BOG 2 43 
|¢ The average depth of the oceans is 4.25 kilometres, whereas the average eleva- 
m of land above sea Jevel is only 0.75 kilometre. 
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nental surfaces ‘above the océan bottom is about 5 kilo- 
metres (4.25 km. + 0.75 km.), we must conclude that the 
thickness of the granite massifs ts about 45 kilometres. This 

is in good agreement with the fact that the volcanic lavas 
coming apparently from a depth of about 50 kilometres 
consist entirely of basaltic material, whereas the volcanic 
eruptions of the past, which must have taken place at the 
time when the solid crust was somewhat thinner than it is 
now, were still ejecting large masses of molten granite. At 
the present stage of the cooling of our planet the solidifica- - 
tion of the crust under the continents has progressed only | 
very little beyond the demarcation line between the granite 
and basalt shells. We must think of the solid crust as com- 


FIGURE 21 
Structure of the Earth’s solid crust. 


posed of separate pieces of two entirely different types of 
rocks, strongly soldered together and floating on the under- 
lying layers of plastic material (Figure 21). 

This adjustment of the Earth’s crust under the action of 
the changing mass distribution on its surface plays a very 
important role in the evolution of the face of our planet 
and is known under the name of ésostasy. As we shall see 
later, isostatic adjustments were important during the glacial 
periods, when the thick sheets of ice covered much of North 
America and Europe. The weight of the ice sheets caused 
the northern regions of these continents to sink deeper into 
the plastic layer underneath. At the present time, when most 
of the ice is gone, the depressed parts of the continents are 
still slowly rising toward their pre-Ice Age positions, and 
we can notice a slow regression of the seas as, for example, 
along the shore lines of the Scandinavian Peninsula. We 


i. . 
JOURNEY TO THE CENTRE OF THE EARTH 79 


hall also see in Chapter VI that the crust bends in under 
he weight of great mountains and forms giant granite 
ulges protruding inward into the molten basalt. The phe- 
omenon of isostatic adjustment reminds us once more that 
mly a very thin layer of solid rock separates us from the 
nterior regions, which are still in almost the same state as 
hey were at the birth of our planet. In this respect the 
Zarth is still much younger—not in years but in the preser- 
ration of the “fire of youth”—than the Moon. In fact, as 
ve have seen, the Moon, being considerably smaller in size, 
nust by now be solidified to a much larger degree, so that 
ts solid crust can easily support two large bulges of “frozen 
‘ide” rising on opposite sides. 


THE TIDES IN ROCKS 


We have often mentioned the phenomenon of tides and, 
in particular, the importance of tidal forces in the history 
of our globe. It will be remembered that the tidal action of 
the Sun on the primeval liquid Earth, which, increased by 
resonance, resulted in the formation of the Moon itself, 
causes the periodic rise and fall of the oceans and slows 
down the rotation of the Earth. 

But the effect of tidal forces is, of course, not confined 
to the periodic disturbances of the liquid envelope of our 
planet alone; the Earth’s rocky body itself is being periodi- 
cally pushed and pulled by the uneven attraction acting on 
its opposite flanks. We have already seen that the matter 
of the Earth’s interior exhibits plastic properties only in re- 
sponse to forces persistently acting in the same direction 
over very long periods of time. Since the tidal forces change 
their direction every six hours, we must conclude that in 
response to these forces the body of the Earth must behave 
as a perfectly elastic sphere. Similarly, a ball of sealing wax 
will bounce if dropped on the floor from a certain height, 
but will flow under its own weight it left on the floor for a 
long enough time. Since the body of the Earth is certainly 
less deformable than its liquid envelope, the “tides in rocks” 
must be smaller than the tides in the oceans, and the rise 
and fall of the water level that we observe at the seashore 
must result from the difference between the heights of the 
two tides. Although we can easily measure this difference, 
/the determination of the separate heights of the two tides 
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is very difficult. In fact, since the tidal deformations of the — 
Earth result in the periodic rise and fall of the entire sur- | 
face surrounding the observer, the tides in rocks cannot be 
noticed by an observer on the ground, just as the ocean 
tides cannot be observed from a boat on the open ocean. 
One way to estimate the height of the body tides in the 
Earth would be to calculate the expected height of oceanic 
tides on the basis of Newton’s law and to compare this value 
with the observed relative elevations of the ocean and land 
levels. Unfortunately, the theoretical calculation of the 
ocean tides, which would be very simple if the Earth were 
a smooth, regular sphere, becomes impossibly difficult be- 
cause we must take into account all the irregularities of the 
ocean shores and the varying depths of the ocean basins. 
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FIGURE 22 
Michelson’s apparatus for the study of tides under laboratory 
conditions. 


This difficulty was solved in a very ingenious way by 
the American physicist Albert A. Michelson, who proposed 
to study the “microtides” raised by solar and lunar attrac- 
tion in comparatively small bodies of water. His apparatus 
consisted of a carefully levelled iron pipe, about 150 metres 
long, which was half filled with water (Figure 22). Under — 
the action of the gravity forces due to the Sun and the — 
Moon, the water surface in this pipe behaves exactly in the 
same way as the water in the oceans, periodically changing 
its inclination to a fixed direction in space. 

Since this “Michelson’s ocean” has considerably smaller 
linear dimensions than, let us say, the Pacific (150 metres 
as against 16,000 kilometres), the same inclination of the | 
surface will cause only very small vertical displacements of — 
the water level at the opposite ends of the pipe, so small — 
in fact that they cannot be noticed with the naked eye. ~ 
Using a microscope, however, Michelson was able to observe 
these small variations of the water level, which amounted 
to only 0.0004 centimetre at their maximum. In spite of 
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the small size of these “‘microtides,”’ he was able to observe 
all the phenomena familiar on a large scale in the ocean 
basins of our planet, such as the exceptionally high tides 
during new moon periods.* 

Comparing the observed height of the tides in his “micro- 
ocean” with the theoretical values, which can be easily cal- 
culated for this simple case, Michelson noticed that they 
account for only 69 per cent of the expected effect. The re- 
maining 31 per cent was evidenily compensated for by 
the tidal dislocation of the Earth’s solid surface on which 
Michelson’s tube was installed. Thus he came to the con- 
clusion that the observed oceanic tides must represent only 
69 per cent of the total rise of waters, and that, since the 
tides in open oceans are about 75 centimetres (2% feet) 
high,? the total rise of water must be about 110 centimetres. 

The remaining 35 centimetres of this total water tide are 
evidently compensated for by the corresponding up-and- 
down motion of the rigid crust of the Earth, leaving only 
the difference of 75 centimetres apparent to observers on — 
the seashore. Thus, strange as it seems, the ground under 
‘our feet is periodically moving up and down with all the 
cities, hills, and mountains on its surface. It is pulled up 
every night when the Moon is high in the sky, and sinks 
down again as soon as the Moon drops beneath the horizon. 
The second upward motion occurs when the Moon is directly 
under our feet and, so to speak, pulls the entire globe down 
from under us. It goes without saying that this up-and- 
down motion proceeds so smoothly that it cannot be directly 
detected by even the most sensitive physical apparatus. 
The observed fact that the tides in rocks are about four 
times smaller than the tides in water indicates a compara- 
tively high rigidity of our globe, and, using the theory of 
elasticity, one can calculate from these data the rigidity of 
the Earth as a whole. By so doing, the famous English 
physicist Lord Kelvin was the first to arrive at the conclu- 
sion that the rigidity of the Earth’s body is as high as if 
it were made of geod steel. As was said above, this result 
does not contradict the fact that, in response to weak but 
persistent forces, our globe behaves just as a soft plastic 
body. 

* These high tides are due to the fact that during these periods the Moon and 
the Sun are on the same side of the Earth and are “‘pulling together.” 


+ The values were observed from an isolated Pacific Island which was too small 
to affect the motion of oceanic waters appreciably. 
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Wuat Goop ARE EARTHQUAKES? 


When we remember that only a very thin rocky crust, 
comparable to the skin of an apple, separates us from the 
red-hot semi-molten interior of our planet, we do not won-— 
der that the inhabitants of its surface are so often reminded 
of the “physical hell” lying below the peaceful woodlands 
and blue seas. | 

Besides the terrific outbursts of volcanic activity, which 
eject thousands of tons of flaming lava and quantities of ~ 
volcanic ash that can bury entire cities (remember the sad 
fate of Pompeii), the subterranean disturbances often take 
the form of vigorous oscillations of the crust felt all over 
the world. We learn from history that the cities of Lisbon 
and Messina were shaken into fragments by violent earth- 
quakes, and Hollywood movies remind us vividly of the 
tragedy of San Francisco. During the past few years the | 
newspapers have carried reports of major earthquake catas- 
trophes in Chile, Turkey, and Rumania, while the name of 
Japan is associated with an almost continuous sequence 
of quakes. Remembering that all these, and a number of 
other major catastrophes of the same kind, occurred during 
a period of time that is only a wink compared with the ~ 
entire life span of our planet, we become aware that the — 
crust of the Earth is actually very far from being the “safe ~ 
solid ground” it seems to be at first sight. (Plate [XA). — 

The primary cause of all these tectonic phenomena, as — 
they are called in geology, lies in the steady cooling and ~ 
shrinking of our globe. As we shall see later in greater de- ~ 
tail, the shrinking of the Earth leads to the formation of — 
numerous wrinkles on its rocky surface, the wrinkles that 
we call mountains. From time to time this wrinkling process 
assumes a gigantic scale, and long folds of mountain ranges — 
are raised across the previously level surfaces of the conti- — 
nents. The last catastrophic event of this kind occurred 
some twenty to forty million years ago and resulted in the ~ 
formation of the Himalayan, Alpine, Rocky, and Andean — 
ranges. From the point of view of the Earth’s history twenty — 
or forty million years is not a long period at all, and we ~ 
cannot be assured that this latest revolutionary epoch of — 
mountain-making is quite over. On the contrary, a com- — 
parison of the events of the last forty million years with — 
the analogous revolutionary periods of the much more dis- — 
tant past appears to indicate that this latest mountain- 
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building period has not yet reached its peak, and that the 
‘present epoch may be just a short breathing spell between 
two successive outbursts of tectonic activity. 

_ But even now, occasional dislocations and squeezings of 
the weaker parts of the crust are taking place, and large 
‘quantities of molten lava are still ejected through the occa- 
‘sional cracks in the rocky envelope. All these processes are 
necessarily accompanied by more or less vigorous disturb- 
ances of the stress balance in the crust, which are propagated 
through the body of the Earth in the form of more or less 
intensive earthquake waves. In Figure 23 we give the cen- 


FIGURE 23 
The main centres of present earthquake activity. 


tres of activity of the major earthquakes, from which one 
| can see that the most pronounced quake activity takes place 
along the same “ring of fire” around the Pacific Ocean that 
is famous for the number of its active volcanoes. It is not 
difficult to understand the comparative weakness of the 
| Earth’s crust along this line, if we remember that it is the 
old scar on the body of our planet representing the junction 
between its parts made of entirely different materials (basalt 
and granite). 

Although earthquakes can hardly be considered pleasant 
events, causing as they do the loss of thousands of human 
lives and many millions of dollars in damage, they are very 
useful to the students of the Earth inasmuch as they afford 
us the best method of learning something about the deep 
interior of the Earth. Starting usually at comparatively 
small depths, that is, within the 50-kilometre layer of the 
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solid crust, earthquake waves are propagated, however, right 
through the body of the globe and, in the case of very 
powerful tremors, can be noticed practically all over the 
world. But it must be remembered that at great distances 
from their origin even the most vigorous quakes can be 
detected only by means of a very sensitive apparatus called . 
the seismograph. 

The seismograph is based essentially on the law of inertia, 
according to which any body at rest tends to preserve its 
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FIGURE 24 
Scheme of a simple seismograph. A: a heavy weight suspended from 
a vertical pole B; C: a rotating cylinder driven by the clock me- 
chanism E; D: a writing pen. The arrow indicates the direction of 
earthquakes that can be registered by this apparatus. 

state of rest. There are many different systems of seismo- 
graphs; one of them is represented schematically in Figure 
24. It consists of a heavy weight A, which can move with 
very little friction around the vertical pole B. If the ground 
on which this apparatus is installed is jerked by the earth- 
quake wave in a direction perpendicular to the plane of the 
drawing, weight A remains immovable because of its large 
inertia, and the displacement of the stand relative to the 
weight is registered on the rotating cylinder C. Two such 
instruments installed at right angles to each other give us 
complete information about the horizontal displacements 
produced by the quake. There are, of course, other seismo- 
graphs designed to register the vertical jerks of the ground 
and the sudden changes of inclination to a fixed direction 
in space. 

In speaking of elastic waves in solids, we must distinguish 
between two different types, which are usually referred 
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to as “P-waves” (pressure waves) and ‘“S-waves’” (shear 
waves). The difference between these two types of waves 
can be easily seen from the example given in Figure 25. 
If we hit the end of an iron rod with a hammer (Figure 
25a), the material will be compressed under the force of 
the impact, and this compression will be propagated along 
the rod in the form of a pressure wave. The different parts 
of the rod will move periodically to and fro in the direction 
of the propagation of the wave (as indicated by the small 
arrows in the figure), and therefore we also call such a 
motion a longitudinal wave. 
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FIGURE 25 
ressure and shear waves in a solid rod. In the top bar the dark areas 
re regions of compression; the light areas are regions of expansion. 
"All displacements are drawn to an exaggerated scale. 3 


_A different type of wave motion is obtained if we shake 
he end of the rod by hitting it on the side (Figure 25b). 
n this case the deformation produced by the hammer will 
ot be a compression of the material of the rod, but rather 
shift of some parts relative to others. Such deformations, 
<nown as shear deformations, will also be propagated along 
he rod, but the motion of separate parts in this case will 
€ perpendicular to the direction of the propagation; we 
peak of these as transversal waves. It must be clear from 
his description that, although the pressure waves can 
propagate in liquids and gases just as well as in elastic 
olids,* the transversal shear waves can exist only in solid 
odies. 
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The propagation velocity of the waves depends upon the 
resistance of the given material to the deformations pro- 
duced by the waves, and, since in any given material the 
resistance to compression and the resistance to shear defor- 
mations are different, the two types of waves will in general 
‘be propagated with different velocities. It happens that 
in most of the known solids the velocity of the pressure 
waves is higher than the velocity of the shear waves, so 
that, if we hit one end of the rod in an arbitrary direction, 
thus simultaneously producing both kinds of waves, the far 
end of the rod will start vibrating in the direction of its 
length, and only after a fraction of a second will this mo- 
tion be joined by the transversal oscillations. 

Exactly the same thing happens when the earthquake dis- 
turbance is propagated from the place of its origin through 
the elastic body of the Earth: the first to arrive is always 
the P-wave, followed after a brief interval by the second 
shock due to the slower S-wave. We must remark here that 
the notations “P” and “S” for the two kinds of seismic 
waves originated actually from this fact of their earlier and 
later arrival, the first wave being called the “primary” and 
the later the “secondary.” It is sheer philological coincidence 
that the primary waves turned out to be pressure or “push” 
waves as well, whereas the secondary waves can be described 
as shear or “shake” waves. 

The typical seismogram, that is, the record of the ap- 
paratus registering the quakes, is shown in Figure 26, where 
two separate groups of shocks are clearly visible. But this 
diagram also shows us that each of the two groups consists 
of three separate subgroups, which are known respectively 
as “P,” “P-star,” “P-bar,” “S,” “S-star,” and “S-bar” waves. 
Since there are only two possible types of wave propagation, 
we must expect that these different subgroups represent the 
same kind of waves propagated along paths of different 
length. 

In order to make the situation clearer, let us imagine two 
villages connected by a straight but very bad country road. 
Suppose also that there is an improved road, which, how- 
ever, does not run through the villages, so that the person 
who wants to take it must cover some additional distance 
on connecting roads. Finally, there is a broad concrete high- 


way, which requires, however, still larger detours to reach it. ; 


Imagine now that three cars of the same make and in the F 
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Same condition, driven by equally skillful drivers, start 
simultaneously from the first village with the intention of 
reaching the second one as quickly as possible. The driver 
of the first car, thinking only of the shortest distance, takes 
the country road and, doing his best, muddles through at 
a speed of but little more than 30 miles per hour. The sec- 
ond driver chooses the improved road, and, gaining on it 
more than was lost on connexions, arrives at the destination 
before the first one. But upon his arrival he finds the driver 
of the third car sipping his Coca-Cola in the local drug 


FIGURE 26 
Six successive impulses arriving from a distant earthquake within the 
first few minutes. 


store; this fellow got on the concrete highway and, in spite 
of the additional distance he had to cover, arrived at the 
village before the two others. 

If we substitute earthquake waves for the cars, and the 
three different layers of the Earth’s surface for the three 
roads (Figure 27), the meaning of the selsmogram shown 
in Figure 26 becomes quite clear. The bad country road 
corresponds to the thin sedimentary layer, formed by the 

roducts of erosion, that covers most of the continental sur- 
faces. The improved road will be the 50-kilometre-thick 
granite layer of the primitive crust, and the highway the 

nderlying layer of the still heavier basalt, Measurements 
of the elastic properties of rocks really show that waves in 
edimentary rocks possess the lowest velocities, and waves 


FIGURE 27 
Three ways in which the earthquake waves can reach the observa- 
tion station. 


in basalt the highest velocities. This should be expected, 
since the rigidity of rocks increases with their densities as_ 
a rule. To make the analogy complete, it is only necessary 
to add three trucks, representing the slower moving S-waves, 
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FIGURE 28 
Arrival time of an earthquake originating in Hereford (England) at — 
different distant points. 
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which start from the imultaneously with the 
cars and also choose the different roads. 7 

‘Studying the arrival dates of different waves at a number 
of stations situated at different distances from the original 
disturbance, we can not only determine the velocities of 
separate waves, but also get an idea of the “length of the 
connecting roads,” which in this correspond to the depths 
of different layers under the surface of the Earth. In Figure 
28 we give, by way of example, the graph of the arrival 
times of a small earthquake wave, which started somewhere 
near Hereford, England, and was traced as far as Switzer- 
land. We notice from this graph that the velocities of the 
P-wave in the three layers mentioned above are ee Kea 2 
and 7.8 kilometres per second, respectively, whereas we get 
values of 3.4, 3.6, and 4.3 for the slower S-wave. We also 
notice that the straight lines representing different sub- 
groups intersect at a distance of about 100 kilometres from 
the origin in such a way that at shorter distances the P-bar 
and S-bar waves (i.e., those going through the sedimentary 
layer) arrive first. The reason for that can also be under- 
stood from our analogy. In fact, if the two villages are very 
close to each other, it would be very stupid to make a long 
detour merely to get on a few miles of good road. More 
detailed study of seismic waves indicates that there are 
some additional discontinuities below the granite-basalt 
boundary, which, in the above example, would correspond 
to several “superhighways” still farther away from the 
Straight line connecting the two villages. 


THE DEEP INTERIOR 


In the previous section we discussed the propagation of 
arthquake waves over comparatively short distances along 
he different rocky shells forming the outer crust of our 
lanet. In cases of very strong disturbances, which can be 
ecorded all over the Earth, the waves will naturally be 
ropagated directly across the body of the Earth, and study 
f their arrival at different points of the globe permits us 
0 penetrate with our mental eye virtually to the very cen- 
e of our planet. The most striking fact revealed by obser- 
ations of such long-distance quakes is the existence of the 
o-called “shadow zone,” that is, a broad belt on the sur- 
ce of the globe in which the disturbance passes practically 
nnoticed. If, for example, the centre of the quake is some- 


g disturbances will be 
noticed all over the Wes isphere and also in the 
parts of the Eastern Hemisphere situated around the op- 


posite pole of the quake (that is, in India, Indo-China, and — 


the East Indies). However, the seismographs of the stations 
in a belt passing through northern Siberia, most of Europe, 


West Africa, the southern part of the Indian Ocean, south- ~ 


eastern Australia, and the western part of the Pacific will 
behave as if nothing had happened. 


; FIGURE 29 
Earthquake shadow zone for a disturbance radiating from Peru (the 
sharpness of the zone limits is exaggerated). 


This astonishing effect is due to the peculiar refraction 
effect experienced by the earthquake waves passing through 
the deep interior of the Earth; it can be easily demonstrated 
by means of a spherical fish bowl and a light. If we fill the 
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fish bow! to the top and, placing it against the wall, illumi- — 


nate it with the beam of light (Figure 30), we observe z | 
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PLATE I The spiral nebula in Ursa Major, consisting of many billions 
of separate stars. Our own stellar system, the Milky Way, would look 
very much like this if seen from the outside, and our Sun would be 


merely one of the multitudinous stars. 
(Courtesy of the Mt. Wilson Observatory) 


PLATE IJA (see p. 7). Hal- PLATE IIB (see p. 17). Zo- 

ley’s comet, photographed diacal light, with star trails, 

May 4, 1910 photographed March 17, 
1928. 


PLaTE III (see p. 53). Photograph of the full Moon, showing thi 
darker areas (“maria”) and the lunar craters, with “light rays” diverg 
ing from some of the latter. (Courtesy of the Yerkes Observatory, 


PLATE IV (see p. 56). Photograph of a part of the Moon’s surface. 
showing the detailed structure of its craters. 
(Courtesy of the Verke b) Obse rvalory) 


PraTE Va (see p. 63). A phase of Venus. The brilliancy of this planet 
is due to the high reflecting power of the thick clouds covering its 
daylight atmosphere. (Courtesy of the Yerkes Observatory) 


PLATE VB (see p. 69). Photograph of Mars during its closest approach 
to the Earth, September 28, 1909. The white spot at the top is the 
polar ice cap. The lighter parts of the surface represent deserts, while 
the darker ones are probably lowlands covered with. vegetation. 


(Courtesy of the Yerkes Observatory) 


PLATE VIa (see p. 63). Two views of Mars, in which one-half of the 
planet was photographed by ultraviolet light and the other by infra- 
red light. Since ultraviolet rays are easily reflected from the atmos- 
phere, the larger size of the infrared image shows the extent of the 
Martian atmosphere. (Courtesy of the Lick Observatory) 


PLATE VIB (see p. 63). A cloud in Mars’ atmosphere, seen as a little 
white spot in the photograph at the left. In the second photograph, 
taken the next day, the cloud has completely disappeared. 

(Courtesy of the Lick Observatory) 
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PiaTE Vic (see pp. 67, 70). A map of the Martian canals as drawn by 
R. J. Trumpler from visual observation in 1924. More recent observa- 
tions prove the canals to be optical illusions. 

(Courtesy of the Lick Observatory) 
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>uaTE VII (see p. 65). Photograph of Jupiter, showing horizontal 
trata of atmospheric origin. The surface of the planet itself has never 
een seen (Courtesy of the Mt. Wilson Observatory) 


Photograph of Saturn, showing atmospheric 
a large number of 
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PLATE VIII (see p. 65). 
strata like those on Jupiter. The ring is formed by 
emall meteorites revolving around the planet and probably represent- 
ing the fragments of one of its former satellites 

(Courtesy of the Mt. Wilson Observatory) 


PLaTE [Xa (see p. 82). Deep cracks in the surface of the Earth pro- 
duced by a violent earthquake. (Courtesy of the U.S. Geologic Survey) 


PLaTE [XB (see p. 100). The bent lines of sedimentary layers of rock 
clearly indicate that the mountains were formed as the result of hori- 
zontal compression of the Earth’s crust 

(Courtesy of the U.S. Geologic Survey) 


PLATE X (see p. 173). Reading the 
“Book of Sediments.” Some pages 
of the Jurassic chapter, found in 
Solenhofen, Bavaria, which revealed 
the skeleton of the first bird, known 
as the archeopteryx. The sketch in 
the lower left corner gives the re- 
construction of this creature. 
(Courtesy of the 
U.S. National Museum) 


PLATE XI (see p. 167). A piece of sandstone dating back to the Cam- 
brian period (ca. 400,000,000 B.c.). The tracks seen on its surface are 
not due to a prehistoric automobile, but were produced by large 
worms crawling across the wet sand. Note the markings left by the 
waves, (Courtesy of the U.S. National Museum) 


PLATE XII (see p. 167). Fossils of trilobites in the deposits of the 


Devonian period (ca. 250,000,000 B.c.)—natural size. 
(Courtesy of the U.S. National Museum) 


Pirate XIIIA (see p. 171). The giant dinosaur Tyrannosaurus rex 
(about 12 feet high), which populated North America during the 


Cretaceous period (ca. 70,000,000 og - 
(Courtesy of the American Museum of Natural History) 


42 


‘ggs of the dinosaur protoceratops, pre- 


served in the sands of the Gobi Desert in Mongohia. 
(Courtesy of the American Museum of Natural History) 


Prate XIIIp (see p. 172). 


PraTE XIV (see pp. 167, 168). Ocean shore, Early Paleozoic era, 
strewn with wave-born seaweed and shells. Long, tube-like forms are 
Silurian straight-shelled cephalopods; snail-shaped forms are round- 
shelled cephalopods. Trilobites (lower right) would be seen scurrying 
across the sand. Though marine life had progressed considerably, the 
land was virtually uninhabited except for some species of millepedes 
and scorpions. (By Charles R. Knight; 

courtesy of the Chicago Natural History Museum) 


PraTE XV (see p. 171). Woods of the Middle Paleozoic era were 
mostly in marshlands and consisted chiefly of giant horsetails, ferns, 
and club mosses. (By Charles R. Knight; 

courtesy of the Chicago Natural History Museum) 


PraTE XVI (see pp. 170, 172). Certain Early Permian reptiles re- 
sembled today’s crocodiles. Others had high, bony dorsal fins, prob- 
ably for defence. Their feet were at their sides; movement on land 
was slow and sprawling. (By Charles R. Knight; 

courtesy of the Chicago Natural History Museum) 


Pirate XVII (see p. 172). The diplodocus, its near relative the bron- 
tosaurus (weight about 50 tons; 70 feet from nose to tail), or the 
giant stegosaurus (with heavy armour-plate along the spine) might 


easily be met in the woods of the Jurassic period. 
(Courtesy of the U.S. National Museum) 
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PLATE XVIII (see pp. 171, 172). Tyrannosaurus rex, a giant kangaroo- 
like reptile, terror of the Cretaceous period. The same period saw an 


abundance of horned reptiles; triceratops is the largest known repre- 
sentative of this class. (By Charles R. Knight; 
courtesy of the Chicago Natural History Museum} 
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Mesozoic waters abounded with various 


marine reptiles. Most typical] were the ichthyosaurus, generally fish- 


like in form, and the plesiosaurus, with long, swan-like neck useful 
(By Charles R. Knight; 


for fishing. 
courtesy of the Chicago Natural History Museum) 


PraTE XIX (see p. 172). 


PLATE XX (see p. 172). Pterodactyls (upper left), “air force” of the 
great middle kingdom of reptiles, had naked bodies, leathery wings, 
and sharp teeth. During the Cretaceous period these flying monsters 
attained maximum development; some fossil specimens show 25-foot 
wing-spread. Prehistoric turtle at lower right. (By Charles R. Knight; 
. courtesy of the Chicago Natural History Museum) 
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PLATE XXI (see p. 176). The entelodonts (giant boars), probably the 
most powerful animals of the Miocene period, were as big as oxen 
and had skulls 4 feet long. About 2,000,000 years ago the rhinoceros 
(left background) was a slender beast no bigger than an average dog. 
The horses of that time (centre background) were no larger than 
today’s Shetland ponies, while the prehistoric camels (left background) 


resembled today’s gazelles. (By Charles R. Knight; 
courtesy of the Chicago Natural History Museum) 


PratE XXII (see pp. 172, 177). One of the most impressive sights of 
the glacial periods must have been a family of long-tusked mammoths, 
covered: with thick brown wool, making their way through the deep 
snow then blanketing large areas of Asia, Europe, and North America. 

(By Charles R. Knight; 


courtesy of the Chicago Natural History Museum) 
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ring shadow, with a brightly illuminated spot in the centre. 
It is easy to see that the bowl acts as an imperfect optical 
lens and collects all the rays falling on its surface into the — 
central spot, leaving” the surrounding region in darkness. 
; the phenomenon of shadow in the case of earthquakes can 
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FicurE 30 : 
, The origin of the earthquake shadow zone shown as due to the iron 
: core of the Earth. 


be explained exactly along the same lines if we assume that 
the central part of the globe is formed by the spherical core 
consisting of material with a higher refractive power for the 
elastic waves than the surrounding mantle possesses. The 
waves of the quake disturbances passing through such a 
core will be refracted in the very same way as the rays of 
light passing through the fish bowl, and will be “focused” 
at the point of the Earth’s surface directly opposite the 
place of original disturbance. 
=, ~ From the observed extent of the “shadow” we can cal. 
culate the size of this central refracting core; we find that 
‘t extends to about one-half (more exactly 0.6) of the 
Earth’s radius. The high refractive power of this core indi 
cates that it must be made of considerably denser materia 
than the surrounding mantle, which is in excellent agree 
ment with the well-known fact that the mean density 0 
the Earth (estimated from its total mass and total volume 
is much higher than the density of the rocks on its surface 
Studying the propagation of earthquake waves through th 
core of the Earth, we can reach some very important con 
clusions about its physical and chemical nature. First of al 
| the density of the core, as estimated from the propagatio 
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velocity of the waves, is found to be between 10 and 12 
times the density of water, which strongly supports the ~ 
hypothesis that the central part of our planet, about one- 

eighth in volume, consists of almost pure iron. The reader — 
may remember in this connexion that the meteorites that — 
fall on the surface of the Earth from interplanetary space ~ 
and most probably represent pieces of some broken planet 

can be divided into two different classes: the iron meteorites, 

containing up to 90 per cent of pure iron; and the stone — 
meteorites, analogous in their chemical composition to the 

igneous rocks of the Earth’s surface.* The conclusion seems — 
inescapable that the difference between these two types of © 
meteorites is due to their having originated at different — 
depths of the unfortunate planet. 


The second important point about this iron core of our — 
planet is disclosed by observation of the type of elastic — 
waves that can be propagated through it. It seems that, — 
unlike other parts of the Earth, the core is absolutely unable 
to transmit the transversal shear waves, and that only the 
waves of compression can pass through it. This indicates 
that the iron of the core is in the liquid state; not a viscous 
plastic mass like the rocks forming the mantle, but in a 
truly fluid state similar to the molten iron pouring from 
the openings of the blast furnaces in our steel mills. Re- 
membering the explanation given above for the plastic prop- 
erties of materials under very high pressures, we muSt con- 
clude that the atoms of iron are probably more slippery than 
the molecules of different chemical compounds that cem- 
prise the rocks, so that even when strongly compressed they 
retain most of their mobility. 

To recapitulate, the body of our planet consists of a num- 
ber of concentric shells of different materials arranged in 
the order of increasing density. There is a thin, rigid crust | 
of solidified granites and basalts, a thick layer of semi- 
molten plastic basalt and heavier rocks underneath, and 
finally a soft molten iron core in the centre (Figure 31). 
A golf player would probably compare the structure of our 
globe with that of a golf ball, which also has a thin, rigid 
envelope, a thick layer of rubber bands, and finally a cen- 


es 


* Meteorites analogous in their constitution to the sedimentary rocks formed by — 
the erosion processes on the Earth’s surface have never been found. This must, — 
however, be expected, since sedimentary layers represent but a negligible part of 
the total mass of a planet. : 
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tral core made of honey.* This separation of materials in 
the body of the Earth took place in its early youth, when 
it was still quite liquid or even gaseous, and the heavier 
parts, iron in particular, easily sank to the centre. It will 
“remain so for all time to come, unless our planet is broken 
to bits by some unexpected direct or indirect collision with 
some other celestial body. 


FicurE 31 
The Earth, with a segment of the solid outer crust and the plastic 
mantle cut away, showing the central iron core. 


Tur MYSTERY OF THE Compass NEEDLE 


Of all the properties connected with the internal struc- 
ture of our globe the existence of its magnetic field repre- 
sents one of the best-known but also one of the most mys- 
terious phenomena. The knowledge that the iron needle, 
treated in a certain way, can indicate the direction of the 

* The sedimentary layers and the soil can be compared with the dirt covering 
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Pole has existed in China for countless centuries and was 
brought to Europe by Marco Polo among many other 


Oriental rarities. The study of the distribution of the mag-. 


the famous German mathematician Karl F riedrich Gauss, 
fills many bulky volumes. 

However, up to the Present time, we still do not know 
what causes this Magnetic field, and according to our best 
knowledge of the Properties of the Earth’s interior it should 
not be there at all! In fact, investigation of the magnetic 


completely disappear as soon as these substances are heated 


above the so-called Curie point. Since the temperature in- 


if materials at great depths do possess magnetic properties 
the question of the original causes of observed magnetiza- 
tion still remains open. 

Another group of hypotheses Proposed for the explana- 
tion of terrestrial] Magnetism considers the Earth not as a 
“permanent magnet” created once upon a time by unknown 
forces, but rather as an “electromagnet” that is being fed 
by some electric current now flowing through the Earth’s 
body. Yet difficulties arise here too as soon as we ask about 
the origin of these currents, and all attempts made in this 
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direction, including several very recent ones,* have not led 
to any satisfactory result. 

Thus we must confess that we still do not know why the 
magnetic needle points north, and seamen should be glad 
that the compass still does its job in spite of all theoretical 
considerations showing that it really should not! 

There can, however, be no doubt that the ultimate solu- 
tion of the “mystery of the magnetic needle’ will not re- 
quire any revolutionary changes in our concepts of the laws 
of physics or the structure of the Earth, and that the diffi- 
culty of the problem lies entirely in the great complexity 
of the phenomena encountered at the unusual physical con- 
ditions existing far below our feet. | 


6. The Rise and Fall of Mountains 


THE COOLING OF THE EARTH 


Accorpinc to the picture of the Earth’s birth described in 
the previous chapters, the young Earth was first in a gaseous 
state and later entirely molten, so that its different com- 
ponent materials could easily move from place to place by © 
means of convective currents. It was during this period of 
the Earth’s history that the heavier elements, iron in par- 
ticular, sank toward the centre of the globe, while the lighter 
materials, such as basalt and granite, rose to the surface, 
thus forming the concentric shells characterizing the present 
structure of our planet. During this epoch of convective 
currents, the Earth was also cooling off very fast; streams — 
of hot matter from the interior were rising toward the sur- 
face and, after being cooled down by radiation of heat into 
surrounding space, sinking back again toward the centre. 
This rapid cooling of our infant planet, however, progres- 
sively increased its viscosity, and the convective currents 
steadily slowed down. When they finally became so slow 
that the heat brought by them to the surface could no longer 


* The most recent attempt to explain terrestrial magnetism by convective currents 
in the Earth’s body was made by Elsasser. According to his views, convective cur- 
rents in the deep interior of the Earth produce an uneven heating of the crust and 
thus cause thermoelectric currents to flow along the equator. It seems, however, 
eae the convective currents in the Earth are too slow to produce the expected 
effect. 
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compensate for the losses through radiation, a solid crus 
began to form on the 
the solid crust was m 
sand years after the 
The birth of the Moon broke th 


after the separation of the Moon the freshly exposed surfe 
of molten basalt solidified a 


The increasing viscosity of the Earth’s materials and th 
formation of the solid crust must have retarded the cooling 
process considerably; the heat now had to be transporter 

_to the surface by the much slower process of thermal con: 
duction. Under these conditions, the surface of our planet 


Slow though it was, the cooling process was penetratin 
deeper and deeper beneath the surface of the Earth, and, 
as we have seen, the solid crust grew to the impressive thick- 
hess of 40 to 50 kilometres. 

A very important factor in the Earth’s cooling is th 
amount of heat flowing out through its rocky crust. This 
amount can be easily estimated from the existing temper- 
ature differences in the crust, 30° C. (54° F.) per kilometre, 
and the measured thermal conductivity of its constituent 
rocks. It has been found that the amount of heat rising from 
below through each Square centimetre of the Earth’s Sur-— 
face is extremely small-—it is thirty million times smaller 
than the amount of solar heat falling on the same surface 
from above. If we were to place a glass of ice-cold water 
on the surface of the Earth and insulate it so that it would 
collect only the heat coming from below, it would take about 
thirty years for the water to be heated to the boiling point. — 
If all the heat flowing from the crust of the Earth came from. 
the cooling of its interior (and we shall see in the next sec- 
tion that most of this heat is due to radioactive processes), — 
it would take about one hundred million years to cool the 
Earth by one degree C. 

Thus the mean cooling of the Earth's body cannot have 
amounted to more than 20° C. since the formation of the 
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‘solid crust some two billion years ago! The reader will un- 

derstand, of course, that since the Earth is being cooled 
only at its surface, the drop in temperature is distributed 
“unevenly through its body, whereas the temperature in the 
deep interior has remained almost unchanged during these 
two billion years, the temperature of the thin surface layer 
must have dropped from the melting point of rocks to its 
present low value. 


RADIOACTIVITY OF THE EARTH’S CRUST 


We have just said that a considerable portion of the heat 
flowing out through the crust of the Earth is due, not to the 
actual cooling of its interior, but to the presence of small 
quantities of radioactive substances that liberate heat in 
the process of their slow, spontaneous decay. The rocks 
comprising the crust of the Earth always contain certain 
amounts of uranium and thorium, and we saw in Chapter I 
how study of the decay products of these elements enables 
us to estimate the age of these rocks. With the exception 
of a few minerals, such as the Bohemian pitchblende used 
by Madame Curie in isolating radium, the concentration of 
radioactive materials in rocks is extremely low. One ton of 
ordinary granite contains, for example, only 9 grammes 
of uranium and 20 grammes of thorium, while there is even 
less in basaltic rocks (3.5. and 7.7 gramme-= per ton of 
basalt). In addition to their exceedingly low concentration, 
these elements all have extremely slow rates of subatomic 
energy liberation. The energy liberated by one ton of pure 
uranium in thirty years would be hardly enough to heat a 
cup of coffee.* 

However, in spite of their low concentration and minute 
rate of energy liberation, radioactive materials play an 
essential role in the total heat balance of the Earth; it has 
been calculated that these materials in the outer crust alone 
can account for most of the total heat flow near the sur- 
face. If we assumed that the percentage of uranium and 
thorium in the deeper interior of the Earth is the same as 
‘n the surface rocks, the total energy liberation due to radio- 
active processes would greatly exceed the observed amount 
of heat flowing through the crust. This result forces us to 


* The total subatomic energy stored inside uranium atoms is enormous, and in 
this sense one ton of uranium is equivalent to one million tons of good coal. But 
the trouble is that this energy leaks out so slowly; it takes several billion years to 
release one-half of the amount stored. 
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presuppose that the radioactive elements are, for some rea-— 
son or other, confined solely to the comparatively thin outer — 
layer, and that the interior of the Earth is entirely devoid — 
of any trace of radioactivity. This conclusion is in agree- 
ment with the fact that the concentration of uranium and 
thorium in the underlying basalt layer begins to be some-— 
what lower than the corresponding concentration in the 
outer layer of granite (compare the numerical values on 
page 97). Moreover, examination of meteorites reveals that 
the radioactivity of iron meteorites, which must have orig- 
inated from the interior of the solar system’s shattered 
planet, is much lower than that of ordinary stone meteorites. — 
The most plausible explanation of the high concentration — 
of radioactive elements in the outer layers of the Earth © 
assumes that it dates back to the time when the Earth was - 
entirely molten, and that at that time the materials contain-— 
ing radioactive elements rose to the surface simply because 
they had been warmed up by the heat developed in the 
process of radioactive decay. = 
In any case, science today must be very grateful to nature — 
for the concentration of radioactive elements in the outer 
layers of the Earth. If these elements were distributed uni- | 
formly throughout the body of our planet, their concentra- 
tion in the surface rocks would be thousands of times lower | 
than it is now, and the phenomenon of radioactivity might © 
well have remained undiscovered even up to the present time. © 


: 


How Hor Is THE CENTRE OF THE EARTH? 

The problem of temperature distribution in the body of © 
the Earth beyond the depth of a few kilometres, where it — 
can be directly measured, presents very serious difficulties 
because we have no reliable data concerning the distribu- — 
tion of radioactive elements at greater depths and because 
we do not know the thermal conductivity of rocks under 
very high pressures and temperatures. As we have noted, 
most of the heat flow through the outer layers of the crust _ 
_ is due to the radioactivity of the outer crust’s rocks, so that 
_ the heat flow must be considerably smaller in the deeper — 
interior, where the concentration of radioactive materials ~ 
drops almost to zero. Correspondingly, the rate of temper- 
ature change with depth should be reduced materially. 3 

Making plausible assumptions about the distribution of 
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: radioactive materials in the outer crust,* and also assuming 
that the thermal conductivity of the rocks in the inner re- 
gions does not differ essentially from that observed at the 
meee, one can calculate the temperature distribution at 
_ depths that are far beyond the reach of any direct measure- 
ment. The rise in temperature, which is very rapid in the 
first few dozen kilometres, becomes much slower at greater 
depths, so that in the interior of the Earth the temperature 
increases at the rate of only 3° C. (5.4° F.) per kilometre 
_ (i.e., 10 times slower than in the outer crust). Continuing 
_ this curve all the way to the centre we find the central tem- 
_ perature of the Earth to be several thousand degrees, i.e., 
_ about the same as the surface temperature of the Sun. It 
must be remembered that all calculations of this sort are 
necessarily very inexact, and that different authors give 
rather different values for the central temperature of our 
planet. , 
_ Whereas the temperature on the surface of the Earth has 
: dropped more than 1000°.C. (1800° F.) since the Earth 
_ first began to cool down, the temperature drop at the depth 
of 30 kilometres is found to have totalled only 800° C. 
~ (1440° F.), while at the depth of 400 kilometres matter 
_ has remained at almost the same temperature it had when 
_ the solid crust was just beginning to form. All this indicates 
_ that during the last two billion years the temperature of 
_ most of the Earth has remained practically unchanged, and 
_ that the cooling effect has been confined to the outer parts 
_ of its body. 


THe WRINKLES ON THE Eartu’s FACE 


_ Although the cooling of the Earth has scarcely com- 
_ menced as far as the entire body of the planet is concerned, 
_ it has played, and is playing an important role in the de- 

velopment of the Earth’s surface features. In fact, since the 
_ outer crust of the Earth has been rigid from the very first 
_ moment of its formation, the steady cooling and subsequent 
contraction of the underlying plastic layers is steadily mak- 
_ ing the crust too large to fit the shrinking interior, and it 
_ must wrinkle in the very same way as the skin of an apple 
_ does in the process of baking. It is hardly necessary to tell 
_ the reader that the various wrinkles and folds formed on 

_ the surface of our planet as the result of cooling are, of 
ts * It is usually assumed that the concentration of radioactive elements decreases 
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course, the great mountain chains contributing so much to 
the beauty of the landscape (Plate IXB). ; 

We have seen that the temperature on the surface must 
have dropped by about 1200° C. (2160° F.) since the for- 
mation of the outer crust, whereas it remained practically 
unchanged at the depth of 400 kilometres. Hence we can 
say that the “mean cooling” of the outer 400-kilometres- 
thick layer of our planet since the formation of the crust 
totals about 600° C. (1080° F.). From the known thermal 
expansion of rocks we determine that such a temperature 
decrease must have caused the cooled layer to shrink ap- 
proximately 6 per cent in volume. Since most of this mate- 
rial is still in the plastic state, the cooling must have been 
accompanied by the continuous redistribution of plastic 
masses, and the total thickness of the layer must have been 
steadily decreasing in proportion to its volume. 

Assuming the value of 400 kilometres as the total thick- 
ness of the cooled layer, we find that it must have been 
reduced by about 24 kilometres (6 per cent of 400 km.), 
while the circumference of our globe at present is about 150 
kilometres shorter than it was when the solid crust was first 
formed. The total surface area of the Earth must have been 
reduced by 4,000,000 square kilometres, and since the mean 
thickness of the solid crust throughout the Earth’s history 
can be assumed to have been about 25 kilometres,* we con- 
clude that not less than 100 million cubic kilometres of solid 
rocks must have been pushed out above the surface of the 
Earth in the form of various mountain ranges and high 
plateaux. Even after allowing for the fact that much of this 
material has sunk into the plastic mass underneath, we can 
be sure that this quantity of pushed-up rock is quite enough 
_ to account not only for all the existing mountains of the 
globe, but also for all the mountains of past geological 
epochs that are now completely obliterated from the surface 
of the Earth. In fact, this volume of excrescent rock is about 
equal to the total volume of the continents (including all 
the mountains, plateaux, and lowlands) protruding above 


sea level.t 

* The thickness of 25 kilometres is obtained here as the average between the 
present thickness of about 50 kilometres and the zero thickness at the beginning of 
the formation of the crust. 

+ From the known areas and mean elevations of the continents (Asia: 44,000,000 
km. X 0.96 km.; Europe: 10,000,000 km. X 0.34 km.; Africa: 30,000,000 km. 
xX 0.75 km.; North America: 24,000,000 km. xX 0.72 km.; South America: 
18,000,000 km. X 0.59 km.: Australia: 9,000,000 km. X 0.34 km.; and Ant- 
arctica: 14,000,000 km. X 2.2 km.) we find that the total continental volume 
above sea level is just about 100,000,000 cubic kilometres. 
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The above considerations, however, do not necessarily 
-imply that the thermal contraction of the Earth’s body is 
_ the only agent responsible for mountain formation. It is not 
_ impossible that in certain cases the wrinkling of the surface 
may have been due to local movements of the crust caused, 
_ for example, by the increasing weight of accumulated sedi- 
a mentary material. Such secondary mountain-formation proc- 
esses must necessarily be merely local in character, and there 
is hardly any doubt that the great mountain ranges crossing 
the surface of the Earth are largely due to the most general 
cooling process. | 


SoME DETAILS OF MOUNTAIN FOLDING 


In order to follow the processes of mountain folding in 
_ some detail, and, in particular, to understand the behaviour — 
of land and sea during the revolutionary epochs when the 
crust shakes and crumbles all over the world, we must first 
_ bear in mind that the surface of our globe consists of two 
| entirely different types of rocks: granite rocks forming the 
- continents, and basalt rocks forming the ocean beds. | 
ie Laboratory investigations show that basalt is consider- 
ably stronger than granite, from which it follows that most | 
of the crumbling in the wrinkling process must be limited 
to the continental areas. This is in agreement with the 
_ observational evidence, which indicates that the mountain- 
folding activity is largely confined to the surfaces of the 
continents. Moreover, the weakest places of the Earth’s solid 
_ crust are evidently situated along the junction lines of its 
granite and basaltic regions, which accounts for the very 
prenounced volcanic and mountain-raising activity along 
_ the continental shore lines. In particular, the ring of moun- 
tains and active volcanoes surrounding the basin of the 
Pacific Ocean (the “ring of fire’) is obviously attributable 
_ to the comparative weakness of the scar left by the birth 
_ of the Moon. 

In Figure 32 we give a schematic view of what must hap- 
pen to a granite continental block compressed on all sides 
between the layers of solid basalt forming the bottom of 
the surrounding oceans. The first effect of the compression 
will evidently be a stow bending of the granite layer, result- 
_ ing in a general uplift of its surface above the level of the 
surrounding ocean (Figure 32b). During this “bending-up” 
process the central regions of the continent are obviously 
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not in a state of isostatic equilibrium, and the weight of the 
elevated portion is largely supported by the rigidity of the 
continent’s constituent rocks. 

As the cooling and compression continue, the bending 
of the continent progressively increases, and the internal 
stresses in the crust grow larger and larger, until they finally 
reach the breaking point of granite. The rocks forming the 
crust are no longer able to resist the increasing pressure, 
the crust breaks and crumbles, and the “top of the dome” 
begins to fall in (Figure 32c). This collapse of the conti- 
_nental dome occurs very slowly, of course, because it must 
be accompanied by the extrusion of the plastic material 
from below, and, as we have seen above, all movements in 
the viscous plastic layer of our globe are bound to be ex-— 
tremely slow. It may take millions of years before the cen- 
tral parts of the continent, uplifted by the previous con- 
traction, return to their original level; when this state is 
finally reached, the surface will be covered by numerous 
high ranges of crumbled and folded rocks formed from the 
excess material. 

As we have seen, the total decrease of the Earth’s circum- 
ference due to cooling must have amounted to 150 kilo- 
metres, that is, about 0.5 per cent of the total length of the 
equator. If we take a piece of granite and subject it to high 
compression in a hydraulic press, we find that the rock will 
crack and break into separate fragments at a compressive 
contraction only one-fifth as great. It is therefore evident — 
that the granite blocks comprising the continents must have 
been crushed at least five consecutive times during the two 
billion years of the steady contraction of the Earth’s crust, 
so that there must have been at least five great epochs of 
mountain-folding activity. 

If we remember that the compression of the Earth’s crust 
must have been largely confined to the regions of continen- 
tal massifs owing to the greater strength of basalt, and that 
there certainly must have been some places in the granite 
layer where the strength of the rocks was lower than the 
average,* we must at least double the total number of such 
epochs of high tectonic activity. 3 

As we shall see in Chapter VII, the findings of historical 
geology are in close agreement with these conclusions con- 
cerning the periodicity of the mountain-formation process 


* For example, along the old soldered cracks in the interior of the continents 
and along the ocean shore. 
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Formation of mountain folds 
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. ~ 
and with the general picture of the formation and collaps 
of the continental domes given here. A 


UpsipE-Down MounrtTAINS 


When we look at a high mountain range rising thousan 
of feet above the surrounding plain, we are inclined to con 
sider it merely a gigantic excrescence of rock piled on the 
surface of the Earth, much as an artificial hill constructed 
by engineers, Such a primitive point of view, which regards” 
mountains as wholly a surface feature, was quite common 
in scientific geology a century ago; only comparatively re- 
cently was it recognized that the bulk of any mountain is 
sttuated under the surface of the Earth. a 

The discovery of these “mountain roots,” going very deep 
under the surface, resulted from the study of the gravita- 
tional action of a mountain upon two pendulums suspended 
on opposite sides of it. One would expect that, in accord 
ance with the general law of gravity, the great mass of th 
mountain would deflect the pendulums from the vertical to 
an extent proportional to the size of the mountain. Of 
course, in this instance the word “vertical” is defined, not 
as a plumb line, but in respect to a fixed direction in space 
as given by observation of the stars. To the great surpris 
of the scientists who carried out such measurements for the 
first time, the observed deviations of the pendulums caused 
by the proximity of a mountain turned out to be much 
smaller than was expected on the basis of the mountain’s” 


= 


size.* | 
In the case of Mount Everest, for example, the obseheal 
deviation is about three times smaller than should be ex. 
pected from its giant mass, while the Pyrenees even seem 
to repel the pendulum instead of attracting it! The absence 
of the expected gravitational attraction clearly indicated - 
that a certain amount of mass was lacking, inside or under 
the mountain, which led to the hypothesis that mountains 
were hollow: something like a broken eggshell placed on a 
table (Figure 33a). 3 

It must be clear to a reader who has carefully followed 
our argument up to this point that this “eggshell” hypothesis — 
can hardly stand up under criticism based on our present 
knowledge of the properties of the Earth’s crust, and that 


* The expected deviation can, of course, be easily calculated from Newton’s law 
and the apparent mass of the mountain as obtained from its volume and the densi 
of its constituent rocks. . : ' i 
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the true explanation of the apparently missing mass under 
the mountain must lie in deformations of the crust by the 
weight of the material piled on it. According to present 
views, the mountains on the surface of the Earth represent 
formations similar to the ice hills produced on the polar 
ice fields by the compression of ice. Every arctic explorer 
knows that when blocks of ice, broken by compression, are 


FIGuRE 33 
“Eggshell” and “iceberg” theories of mountain structure. 


piled on top of one another, most of the ice sinks below 
the water in order to keep the rest afloat (Figure 33b). 
Thus, while a polar bear will see a high hill rising above 
the surface of the ice field, a seal swimming under it will 
notice an even larger bulge protruding into the water. 
Similarly, to each mountain rising above the surface of the 
Earth there corresponds, so to speak, a “negative moun- 
tain” formed by the granite masses protruding into the 
underlying plastic layer of basalt. 

According to Archimedes’ law, the mass of a floating body 
_ must be equal to the mass of the displaced material under- 
heath, so that the presence of an elevation that is in iso- 
static equilibrium does not signify any actual increase of 
mass in this region. 

Thus, instead of asking the question: ‘“‘Why does the 
mountain not affect the plumb line as much as would cor- 
respond to its apparent mass?” we must rather ask: ‘“‘Why 
is there any deflection at all?” To answer this last question 
| we must bear in mind that, although the solid crust of the 
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Earth is not strong enough to support the whole mountain, — 
it still possesses sufficient elasticity to prevent the moun-— 
tain from sinking as deep as it would in the case of a com- 
pletely plastic substratum. Hence the mountain will be ele-. 
vated a little higher above the surface than corresponds to- 
complete isostatic equilibrium, and the pendulum suspended — 
alongside it will show a slight deviation from the vertical — 
ine. It must also be borne in mind that under the weight — 
of smaller mountains and hills (as well as under “man-made — 
mountains” such as the Egyptian pyramids or the New 
York skyscrapers) the crust will not bend at all, and the 
deviation of the plumb line in this case will exactly corre-— 
spond to the excess of mass above the surface. € 

The elasticity of the crust also prevents the “negative 
mountain” from being something like a mirror image of the 
corresponding elevation above the surface; an imaginary © 
mountain climber making his way through the masses of | 
plastic basalt deep under the Alps will look in vain for any- — 
thing resembling the upside-down Jungfrau or Matterhorn. 
Probably all that he will find there is an extensive smooth 
bulge of granite protruding several kilometres downward | 
into the basaltic layer. 


Tue RAINS VERSUS THE MOovunNTAINS 


We have mentioned more than once that those parts of 
the continental massifs above sea level, especially the high 
mountains raised by the crumbling of the crust, are subject 
to the continuous destructive action of water, which povrs © 
down on them from the sky during rainy periods and car-~ 
ries large quantities of dissolved and mechanically eroded — 
material into the surrounding seas. We have also said that — 
the amount of salt alone carried to the ocean as the result § 
of the past erosion of continental blocks totals about 20,-— 
000,000 cubic kilometres. Jf we were able to extract all this — 
salt from the sea and distribute it uniformly over the land 3 
surface of the Earth, it would form a layer 135 metres © 
(about 450 feet) thick. But salt represents only a very 
small portion of the granite rocks (about 5 per cent), so 
that in order to wash out the amount of salt now dissolved 
in the ocean, rain water has had to erode a granite layer 
more than 2 kilometres thick! Whereas the salt extracte 
from the rocks remains in solution, the other products of 
erusion, such as sand and gravel, are deposited on the ocea 
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bottom bordering the shore line or on the bottoms of intra- 
continental seas, forming the steadily growing layer of sedi- 
mentary rocks. 

The idea that rain water can wash away thousands of 
feet of continental surface and level the highest mountain 
ranges will not seem so strange if we bear in mind the 
enormous periods of time during which this destructive 
process has been steadily going on. 

Direct measurements of the amount of mud carried away 
by rivers indicate that the surface of the United States alone 
loses about 800,006,000 tons of its rocky material annually. 
Denudation by rain water reduces the average height of the 
continents by 0.02 millimetre per year.* Since Columbus 
first stepped on the shore of the New World, an outer layer 
of about 4 inches thick has been carried away into the 
oceans and seas. 

: Erosion by rain water is responsible for such peculiar 
features of the Earth’s surface as the Bad Lands of South 
Dakota, or the deep canyons cut into the solid rock by 
‘comparatively unimportant rivers and creeks. Since the sur- 
face of the Earth consists of various kinds of rocks with 
‘varying resistance to the destructive action of water, the 
landscape of denuded areas often assumes strange and fan- 
tastic shapes. One example is the peculiar structure known 
_as the Devil’s Tower, familiar to travellers who have driven 
through South Dakota along U. S. Highway 9. Once upon 
a time this spot was occupied by a magnificent volcano, an 
outlet for the masses of molten magma from below. Later, 
the volcanic activity in this. region ceased, and the solidified 
lava filling the volcanic crater formed a long vertical column 
of basalt. Rain water worked on the dead volcano for cen- 
_turies upon centuries, and it took hundreds of thousands 
_of years until it finally succeeded in washing away the outer 
part of the cone formed by the volcanic ashes of numerous 
eruptions. The remaining tower is merely the original column 
of solidified lava, and since basalt withstands erosion much 
better than the softer material of the cone, it will probably 
take many more hundreds of thousands of years for the 
rain to obliterate completely this last remainder of the an- 
cient volcano. 


*The reader must remember that this rate of erosion, corresponding to the 
3 present epoch of high mountains, is several times larger than it was during the 
long submergence stages, when most of the mountains had been already washed 
o Bay sil ic tae hy , Page 3). 
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Since the destruction of mountains by the rapid streams 
rushing down their steep slopes proceeds considerably faster 
than the erosion of flatlands, we must expect that the gen- 
eral effect of the action of rain water will be to obliterate 
all the characteristic features produced by the crumbling of 
the crust and transform the continental surfaces into exten- 
sive low plains. It must be noted, however, that to wash 
away a mountain, rain water must do considerably more 
work than would seem necessary at first sight. In fact, the 
process of isostatic adjustment described above operates so 
that, while the material of the mountain is being carried 
away by rushing streams, new rocks slowly rise up from 
below, giving the water additional work to do. To remove 
the mountain completely from the surface of the Earth it 
is necessary, not only to take away its visible protruding 
part, but also to remove its “roots,” which penetrate deep 
into the crust. If some ambitious railway company. con- 
structing a new line through a mountainous region, should 
decide to remove the whole mountain instead of digging a 
tunnel through it, the advantage obtained by this gigantic 
construction job would be only temporary, since in a few 
hundred thousand years a new mountain, of only slightly 
smaller size, would again rise on the same spot! 

Parallel with the permanent upward movement of the 
mountain regions there goes the slow sinking of those parts 
of the Earth’s surface on which the streams and rivers de- 
posit their loads of eroded material. Since the mountains 
are raised mainly along the continental shore lines, and 
since the rain water falling on a mountain runs down both 
its sides, these sinking regions of the crust must evidently 
correspond to the oceanic bottoms bordering the continents 
and to the bottoms of the comparatively shallow seas that 
are often formed in the lower central portions of the con- 
tinental massifs. Figure 34 gives a schematic representation 
_ of these typical isostatic adjustments of the continents, 
caused entirely by the activity of rain. As we have said, 
the deformation of the Earth’s crust resulting from processes 
of this kind may cause some additional wrinkling of the 
surface and the formation of local mountain chains. ¢ 

From the observed rate of denudation it is estimated that 
the time necessary for rain waters to obliterate the moun- 
tains raised during a revolutionary epoch of mountain for- 
mation is several times shorter than the period between two 
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FIGURE 34 
The mountain grows anew while being eroded by rain. 
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3 such revolutions. Hence we must conclude that the surface _ 
of the Earth was quite featureless and. flat during most of ~ 
its history, with many areas completely covered by shallow ~ 
_ seas, and that it is our spevial privilege to live during one 
of the comparatively short epochs when the mountains 
_ raised by the last revolution are still standing proudly, pro- 
_yiding us with beautiful scenery and splendid opportunities 
for climbing and skiing. 


7. The Evolution of Continents 


Is AMERICA DRIFTING AWAY FRrRoM EUROPE? 


_ As we have already seen, the large granite blocks compris- 
ing the six major continents (Eurasia, Africa, North and 
- South America, Australia, and Antarctica) represent the 
fragments of the primeval solid crust of the Earth, which 
2 was broken up in the process of the Moon’s birth. The 
_ similarity of the continental shore lines (compare Figure 35) 
strongly suggests that the general shape of these fragments 
4 did not change essentially during the two billion years sepa- 
: rating us from the memorable moment of the birth of a 
4 daughter to our planet. But, although the western shores of 
_ Europe and Africa could be fitted into the eastern shores 
_ of North and South America, there are some 4000 miles of 
_ Atlantic Ocean separating them today. The continent of 
Australia also seems to have drifted a considerable distance 
south-east, leaving room for the waters of the Indian Ocean, 
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while Antarctica has moved due south and is now hidden 
under a thick sheet of ice. If all this is true, and the similar- 
ity of the shore lines is not a mere coincidence, a number 
of important questions immediately confront us. What kind 
of forces could have caused the separation of the originally 
united continental fragments? How long ago did the separa- 
tion actually take place? Are the distances between the 
continents still increasing, and should we expect that the 
continent of North America, drifting farther and farther 
away from Europe, will sooner or later hit and crush the 
islands of Japan with its advancing California flank? 

The existence of forces acting on continental massifs and 
attempting to change their relative positions was first rec- 
ognized by Baron Roland Eotvos, the Hungarian geo- 
physicist, who showed that such forces must necessarily 
arise as a result of the rotation of the Earth. Remembering 


FIGURE 35 
Relative position of the fragments of the original crust immediately 
after the separation of the Moon. (Not to be used as proof of the 
possibility of invasion of the United States.) 


that the continents represent masses of comparatively light 
granite floating on the heavier basaltic layer, we must ex- 
pect that they will be acted upon by some kind of cen- 
trifugal (or rather “‘pole-fugal’”) force, which will try to 
move them toward the equator.* From the velocity of the 


* At first sight it might seem that, since the surface of the Earth already possesses 
the ellipsoidal shape corresponding to its rotation, no such force acting on the float- 
ing objects should be available. We must not forget, however, that the centre of 
gravity of a floating object is higher than the centre of gravity of the displaced 
water would be, and that this difference in height causes the difference in centrif- 
ugal force. The phenomenon is somewhat analogous to the effect that can be 
observed on a steamer floating down a river. In this case (as was first noticed by 
the airplane designer Anton Fokker on the Maas River near Rotterdam) the steamer 
is ‘‘sliding down the water,’’ and thus moves somewhat faster than the river itself 
in spite of the fact that its propellers are not turning. 
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Earth’s rotation, it is not difficult to calculate that in the 
middle latitudes, where the equatorial pull is strongest, 
the force acting on each square metre of the continental 
surface is about 50 kilograms. Thus, the total force acting 
on Manhattan Island, for example, can be compared with 
the pull exerted by five thousand transatlantic liners as big 


FIGURE 36 
The equatorial pull on Manhattan Island is comparable to the pull 
of 5000 liners of the size of the Queen Elizabeth tied up to the em- 
bankment of Battery Park and sailing full steam southward. 


as the “Queen Elizabeth,” tied up to the shore along the 
Battery Park embankment and steaming southward at full 
speed (Figure 36). 

It is evident that when the continents were still floating 
on the ocean of molten basalt, these forces of equatorial 
pull were able to move them slowly across the molten sur- 
face in an endeavour to distribute them uniformly along 
the equator. The motion produced by these forces must 
necessarily have been very complicated, owing to the irregu- 
lar shape of the fragments; no attempt has been made as 
yet to reconstruct the spreading-out process of the conti- 
nents on the basis of theoretical considerations. It is clear, 
however, that the first effect of these forces must have been 
to separate the fragmented pieces of the crust from one 
another, and to enlarge the cracks already existing between 
them. lf the equatorial pull had had its way and been able 
to finish its work, the geography of our globe would repre- 
sent a rather peculiar picture. The large Pacific hole, which 
resulted from the separation of the Moon would have dis- 
appeared completely and the continental massifs would 
form an almost continuous equatorial belt, with two large 
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circular oceans in the Northern and Southern Hemispheres 

(Figure 37). The fact that the map of the world does not 


look quite like that today proves that something prevented 


FIGURE 37 
This is how the map of world might look today if the separation of 
continents had not been stopped by the freezing of the basalt ocean. 


the equatorial pull from finishing its work; it is most nat- 


ural to assume that the drifting process had been slowed — 


down and stopped before reaching its ultimate goal by the 
increasing resistance of the rapidly solidifying surface of 
the basalt ocean. We have seen that the surface of the 
molten Earth could have remained in the molten state for 
only a few thousand years before being covered with a thin 
but quickly growing layer of solid crust. In the case of the 
freshly opened surface of molten basalt, exposed to the cold 


of interplanetary space, the solidification must have taken ‘ 
place considerably more rapidly, because the material of the © 


outer parts of our planet must already have been rather 
viscous as the result of previous cooling. Because of this 


increasing viscosity the continental drift could not have been — 


very fast from the beginning, while the rapid formation of — 


the basalt crust (now constituting the bottoms of the 
oceans) must have stopped it in the same way as the grow- 
ing layer of ice maroons a polar exploration ship at the 
approach of winter. It must be borne in mind that, according 
to these views, the drift of the continents must have ceased 
at a comparatively early stage of the evolution of our planet; 
and we can hardly expect that any essential changes in their 
relative position took place after the ocean basins became 
sufficiently cool to be filled with water. The “continental 
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drift hypothesis,” in its original form as proposed by the 
German geophysicist Alfred Wegener, assumed that the 
motion of the continents continued throughout the later 
geological epochs; Eurasia, Africa, and both the Americas 
were considered to have been close neighbours as late as 
the Carboniferous period.* This supposition, which was de- 


veloped chiefly to explain the similarity of the flora and 


fauna of these continents through the migration of plants 
and animals while they were in direct contact, hardly 
stands up in the light of our present knowledge. In fact, 


_ it can be easily calculated that the equatorial pull acting on 


an average-sized continent situated in the middle latitudes 
is several thousand times smaller than the resistance of the 
basaltic layer forming the underlying bottom of the ocean 
along its southern shores. It is true, of course, that during 
earlier geologic periods the thickness of the ocean bottoms 


was somewhat smaller than it is now and that the drift - 


forces were somewhat larger, owing to the more rapid rota- 
tion of the Earth.t However, it hardly seems possible that 
any noticeable effect of the drift forces could have been 
manifested, even with these corrections, during the periods 
following the solidification of the crust. 

From the above considerations it also follows a fortiori 
that o change of the relative positions of the continents 
should be expected at the present time. Some time ago, 
much attention was attracted by observations indicating 
that the distance between Greenland and Europe had ap- 
yparently increased by about 32 metres during a period of 
33 years (from 1873 to 1907). But since recent and more 
careful observations (1927 to 1936) have failed to show 
even a smaller fraction of the previously announced drift, 
we must conclude that the older results were probably 
due to insufficiently exact methods of measurement and 
that no such drift actually exists. 


RECONSTRUCTING THE ‘‘Book OF SEDIMENTS” 


Although the general shape and the relative position of 
the continental massifs could not have changed much since 
the solidification of the ocean basins, the surface features 


of the continents have been undergoing continuous trans- | 


formation owing to the combined action of the mountain- 


* L.e., 200,000,000 years ago. 
+ See Chapter III. 
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raising forces and the destructive action of rain. This peri- 
odic formation of mountain chains and their subsequent 
destruction by water are clearly shown by the character of 
the deposits of eroded material carried into the seas by the 
rivers of the past. In fact, the nature of such deposits de- 
pends to a large extent on the character of the surface that 
is being eroded. 

During the revolutionary periods, such as the one that 
_we are living in now, high mountains rise everywhere on the 
surface of the continents, and erosion proceeds very fast. — 
Rapid streams rushing down steep mountain slopes break off _ 
comparatively large pieces of rock by purely mechanical — 
action, and the deposits formed during these periods consist 
mainly of rather rough materials, such as gravel and coarse 
sand. On the other hand, during the long inter-revolutionary 
epochs, when most of the mountains are already washed 
away completely, and the surface of the continents is level 
and dull, the process of erosion necessarily slows down. 
There are no rushing mountain streams, no noisy water- 
falls, and the rain water that continues to fall on the Earth’s 
surface is drained into the oceans and seas by broad, slow 
rivers running across low, almost horizontal plains. During 

these long periods, chemical erosion is more effective than 
purely mechanica! disintegration. 

Water, slowly moving across the surface of the Earth, 
carries into solution various soluble parts of the rocks, leav- 
ing fine sand and clay as the residue. The dissolved material 
is mostly calcium carbonate, which is carried out into the 
seas and deposited as thick layers of limestone. J 

Thus, if we were able to examine some spots on the 
Earth where the formation of sedimentary deposits has been 
going on uninterruptedly throughout the geologic history of 
our planet, a cross-section of the deposits would look very 
regular. We would find periodic repetitions of fine and 
coarse material, corresponding to the revolutionary and ~ 
inter-revolutionary epochs, and we would be able to recon- ~ 
Struct the entire history of our planet chapter by chapter. 
Such a complete edition of the “Book of Sediments” un- 

_doubtedly exists on the bottoms of the oceans along the 
continental shore lines, since, being continuously submerged, 
these areas have been receiving an uninterrupted flow of 
eroded material from the near-by lands. Unfortunately, 
however, these submerged pages of the Earth’s history are 
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te inaccessible to the hammer of the geologist at present, 
| we must content ourselves with the study of the de- 
its formed in the intracontinental shallow seas and 
ght up to the surface of the Earth by the subsequent 
vation of the ground and the erosion of the layers lying 
ve. 

since the surface of the continents has been moving up 
1 down irregularly throughout the Earth’s history, and 
interior seas have always been changing their sites, the 
ords contained in the sediments left at any one place are 
essarily incomplete. In Figure 38 we give a schematic pic- 
e of what we can expect to find at a spot that was sub- 
t to three submergences, but now is on dry land. Let. us 
ypose that during the first submergence period the de- 
sits carried down by the rivers formed six successive 
ers, which we distinguish by the numbers 1 to 6.* Sup- 
se now that after these layers, representing a continuous 
ord of the corresponding interval of the Earth’s history, 
re formed, movements of the crust elevated this particu- 
locality above sea level, so that the newly formed layers 
re exposed to the destructive action of rain water. Dur- 
z the period of elevation part of the sedimentary layers 
re carried away by erosion, and this material, mixed with 
iterial taken from other places, was deposited elsewhere. 
hile new sedimentary layers (let us say 7, 8, 9, and 10) 
re being formed on the bottom of the ocean, where the 
posits were accumulating continuously, our locality was 
ly, losing its material, the three upper layers (6, 5, and 4) 
in& completely removed. Thus, when the new submergence 
curred, layer 11 began io be deposited directly on top of 
J layer 3. 

Inspecting Figure 38 further we find that the only sedi- 
entary layers left in this hypothetical locality and pre- 
nting themselves to the hammer of the geologist are those 
mmbered 1, 2, 3, 11, 12, 13, 19, 20, 21, 22, 23, 24, while all 
e others were never formed or were eroded by rain water. 
But though the layers deposited in any given locality 
present only a collection of disunited occasional pages of 
e “Book of Sediments,” we can try to reconstruct the 
mplete copy of the bock by comparing the findings in a 
imber of places that were submerged at different times. 


*The enumeration of the layers used here does not correspond to any real 
fision of geologic time and is used only for convenience in discussion. 
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is task is, of course, a very difficult one, and work in this 
ld represents the main subject of historical geology. The 
incipal method used in the reconstruction of the com- 
ste “geological column” from the disunited fragments is 
sed on the “principle of overlapping” explained schemat- 
ily in Figure 39. It may happen that, comparing two 
oarate fragments corresponding to the uninterrupted sedi- 
entation process in different localities, we notice that the 
per layers of one fragment are of the same nature as the 


FIGURE 39 
utting together disconnected fragments of the “Book of Sediments.” 
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lower layers of another. If such is the case, the conclusion 
is inevitable that the layers at the top of the first fragment 
were being formed simultaneously with the bottom layers| 
of the second; putting the two fragments together so tha 
the layers corresponding to the same time overlap, we get 
continuous record covering the larger time interval.* 

It must be borne in mind, however, that since the differ- 
ences between purely physical and chemical characteristi 
of various deposits are not very large, and since the sam 
kinds of deposits repeat periodically in time, the meth 
of overlapping described above would not yield much in 
the way of results if the sedimentary layer did not contain 
the fossilized remainders of different plants and animals 
living during the corresponding epochs. In fact, the develop- 
ment of historical geology is inseparably connected with 
the development of palzontology (i.e., the science of ancient 
life); together with the complete geological column repre- 
senting the history of land and sea we also get the complete 
record of the evolution of life. 

The work of collecting the fragmentary pages of the 
Earth’s history here and there and binding them together 
into one consistent volume must, of course, become increas- 
ingly difficult as we go back to more and more remote 
epochs. Thus, while the later parts of the “Book of Sedi-- 
ments” are fairly complete by now, the records of earlier 
periods are still in a very imperfect state. Classification of 
these earlv pages of the book becomes particularly difficult’ 
because at the time they were “written” life on the Barth 
either did not exist at all or was limited to the simplest! 
organisms, which left no trace in the sediments of that time.. 

The completed “Book of Sediments”’ still possessed one 

* A similar method of overlapping is very successfully used in studying prehis-- 
toric Indian villages in different parts of North America. Since such villages were~ 
mostly situated on the lake shore, one finds at the bottoms of these lakes a large 
number of petrified logs that once formed the village buildings. Now, it is known 
that the pattern of vegetation rings in the cross-section of a tree trunk is just as 
characteristic of the time interval during which the tree was growing as the finger- 
print of a man, and depends upon the climatic conditions during the life span of the 
tree. In fact, during warm summers with plenty of rain the corresponding annual 
rings will grow thicker, whereas very thin rings will correspond to dry summers. 
Thus, if one finds two logs in which the patterns of annual rings partly overlap, one 
can be sure that the two trees were growing at the same time (corresponding to the 
period of overlap). Putting together a large number of logs, selected in such a way 
that the outer rings of each (i.e., the rings formed shortly before the tree was cut 
down) coincide with more central rings on the next one, it is possible to build a 
continuous ‘“‘tree column’’ covering an interval of many centuries. From this column 
we can get exact information as to the dates when different logs were cut down for 
construction purposes. What is most interesting, we can also get a rough meteorologi- 


cal record of the climatic changes in this particular locality over a period of time 
during which the word “meteorology” itself was unknown. 
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essential defect: it completely lacked any chronology, and 
though we could say that one layer was formed after or 
_ before another, we had no idea of the period of time sepa- 
rating them. In order to get the “timing” of geological 
events, very elaborate but uncertain speculations about the 
_ deposition rates of different types of materials had always 
been necessary, and it is therefore very fortunate that the 
discovery of radioactivity gave us a much simpler and much 
more exact method of establishing a geologic time scale. 

In Chapter I we described in some detail how a fairly 
good idea of the time when different igneous rocks solidified 
is obtained by studying the relative amounts of the disin- 
tegration products of uranium and thorium contained in 
them. Applying this method to the rocks formed by volcanic 
eruptions in the past and found now and then in different 
sedimentary layers, we can add the last touch to the “Book 
of Sediments” by marking on each page the approximate 
date at which it was “written.” 


_ CHAPTERS AND PARAGRAPHS OF THE “Book oF SEDIMENTS” 


The “Book of Sediments,” as reconstructed by the work 
of generations of geologists, certainly represents a most 
extensive historic document, alongside which all the thick 
volumes of the history of the human race are no more than 
an insignificant booklet. As we have seen, the layer eroded 
from continental surfaces by rain water is, on the average, 
some 2 kilometres thick. Since, however, these disintegra- 
tien products are mostly deposited in comparatively small 
areas along the shores, the actual thickness of the geo- 
logic column is considerably greater. Putting together all 
the fragmented pieces of this column we obtain a total 
thickness of about 100 kilometres, each year corresponding 
to a layer about 0.1 millimetre thick. / f we consider a year’s 
deposit as one “page” of the “Book of Sediments,” such a 
page will be comparable in thickness with a page in any 
ordinary book. The reconstructed part of the “book” will 
have about one billion pages, covering the same number of 
years of the Earth’s history. This thickness, however, corre- 
sponds only to the later part of the evolution of the surface 
of our planet, and there probably are millions of earlier 
fragmented pages, most of which still lie hidden under the 
surface. Pursuing our analogy with the ordinary book, we 
must bear in mind, of course, that one page of the “Earth 
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book” does not record much of its history, and that in order’ 
to notice any changes one must thumb through at least 
several hundred thousand pages. This is also true of the 
book of human history; whereas the year-to-year changes 
may have been of special interest to the persons living dur- 
ing these epochs, considerably longer periods of time are 
needed to manifest any interesting changes in the evolution 
of humanity. | 
The first important feature of the “Book of Sediments” 
is that, like any other book, it is divided into a number of 
separate chapters corresponding to the revolutionary epochs 
and the intermediate long periods of submergence discussed 
above. It is very hard to say how many chapters there are 
in the “book,” since its earliest parts are still in a very 
fragmentary and incomplete state; only the last three chap- 
ters covering the last 500,000,000 years tell a more or less 
complete and consistent story. Since, however, these last 
three chapters represent about one-quarter of the total lif 
span of our planet, we must conclude that the “book” has a 
total of twelve chapters. This is in fairly close accord with) 
the probable number of revolutionary periods caused by 
the cooling of the Earth. The last three chapters of the 
“book,” however, are of particular interest, since, as indi- 
cated above, they cover practically the entire period during 
which life has existed on our planet. The three periods of 
time described in these last three chapters are known as 
the Early Paleozoic, Late Paleozoic, and Mesozoic eras of! 
the Earth’s history. Finally, at the very end of the “book” 
we find the beginning of the new Cainozoic chapter, which 
commenced just recently. In geologic language the expres- 
sion “just recently” means “about forty million years ago” 
and is completely justified by the fact that this period of 
time is very short indeed, compared with the average length 
of each chapter, which covers between one and two hundred 
million years. Besides the natural division of the Earth’s 
history into a number of chapters, each starting with a revo- 
lutionary epoch of mountain formation, geologists divide 
the separate chapter into a number of smaller paragraphs. 
Thus, the Early Paleozoic chapter is divided into the Cam- 
brian, Ordovician, and Silurian periods, whereas the sub- 
divisions of the Mesozoic chapter are known as the Triassic, 
Jurassic, and Cretaceous periods. Such subdivision is en- 
tirely arbitrary and is based on the fact that different paris 
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Divisions ‘of geologic time. 
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of the geologic column were originally studied in different 
localities. For example, the name “Cambrian” indicates 
simply that the deposits of that period were first discov- 
ered and studied in Cambridgeshire (England), while the 
name “Jurassic” similarly refers to deposits first found in 
the Jura Mountains between France and Switzerland. Since 
there are no natural grounds for the further subdivision of 
geologic time, however, this terminology can be retained 
simply for the sake of convenience. 

The division of geologic time discussed above is shown — 
schematically in Figure 40; in the following sections we 
give a short account of the major happenings during these 
different periods of the Earth’s history. 


THE EARLIEST FRAGMENTED PAGES 


The very first pages of the “Book of Sediments” must, 
of course, date back to the day when the first drop of rain 
fell from the sky on the slowly cooling surface of our planet, 
and the first crack started its destructive work on the pri- 
meval granite crust. Most of the deposits corresponding 
to this early epoch are hidden deep under the Earth and 
come to the surface in but very few places. They consist 
chiefly of thick sheets of micaschists and dolomitic marbles, 
which under careful microscopic and chemical analysis prove 
to be ordinary sandstones and limestones greatly compressed 
and ‘“metamorphized” by exceedingly high pressures and 
temperatures at the great depths to which they were thrust 
by the weight of the later sediments formed above them. 
These primeval sedimentary layers are sometimes well over 
100,000 feet thick, indicating that their formation must have 
taken place at least several hundred million years ago, that 
is, quite a large fraction of the Earth’s total life span. It is 
of interest to note that, unlike later deposits, these early 
sediments contain but little salt, indicating that sea water 
must have been quite fresh at that time. As the salinity of 
sea and ocean water has been steadily increasing ever since 
the oceans first appeared (see Chapter I), we must conclude 
that the formation of these deposits coincided approximately 
with the time when the ocean basins first filled up, and that 
in this sense they really represent the very first deposits of 
eroded material ever formed on the surface of the Earth. 

This first extensive period of sedimentation was evidently 
followed by the revolutionary crumbling of the Earth’s crust — 
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known as the Laurentian revolution,* during which large 
masses of molten granite were poured over these layers, 
while the lavers themselves were uplifted and folded into 
- giant mountains.+ It is useless, of course, to look for these 
_ mountains on nresent-day geographical maps, for they were 
"completely obliterated by the action of rain water many 
_ hundreds of millions of years ago. Since the deposits of that 
distant past can now be found in but few places on the sur- 
face of the Earth (for example, in eastern Canada), it is 
_ altogether imnossible to form any idea of the geographical 
_ distribution of these early mountains from their remaining 
toots. The study of radioactivity in the granite layers 
formed during this first recorded revolution indicates that 
_ their age is only somewhat less than one billion years, which 
_ gives us the approximate date when the first sedimentation 
- period ended. | 

__ After the erosion of the first recorded mountain chains, 
large areas of the continents were again covered by water, 
_and thick layers of new deposits were formed on top of the 
previous ones. Then another revolution (the Algomiam) 
ensued, accompanied by new mountain-formation processes 
and new intrusions of granite lavas, again followed by a 
long quiet sedimentation period. Then again a revolution 
_and still another sedimentation.... 

But the reader is probably growing tired of this constant 
'Tepetition of the words “revolution” and “sedimentation”; 
_to cheer him up we can tell him that there will be some 

more colour to the picture after one more revetition. In 
fast, beginning with the fifth recorded revolution, known 
as the Charnian, we leave the dark prehistoric periods of 
the Earth’s life and enter the epoch comparable to that of 
ancient Egvpt in the history of humanity. The sedimentary 
layers formed during the epochs following the Charnian 
revolution have been studied in many places on the Earth; 
they give us a rather complete picture of the evolution of 
‘its surface. Besides, they begin to contain the fossils of 
‘different primitive animals in steadily increasing numbers, 
which is of great help in establishing the “page sequence” 


_ “It must be remembered that this revolution need not have been the first one to 
take place on the surface of the Earth. In fact. there probably were several earlier 
Outbursts of tectonic activity, but since the ‘Book of Sediments’? was not yet in 
“existence at the time, we have no way of judging them. 

+ As was mentioned in Chapter III, the fact that the volcanic eruptions of that 
time were ejecting masses of molten granite (not basalt!) indicates that the solid 
crust of the Earth then was considerably thinner than it is now. so that part of 
‘ranite was still in a molten state. ; 
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in the book of the Earth’s history. The deposits formed 
after the Charnian revolution represent three complete chap- 
ters of the “Book of Sediments,” and on top of them we 
find the comparatively thin layers constituting the begin- 
ning of the latest chapter, in the writing of which we have 
the pleasure of participating ourselves. 


THREE COMPLETE CHAPTERS OF THE 
“Book OF SEDIMENTS” 


As a result of the Charnian revolution, which opens the 
historical era of the Earth’s history, all the continents were 
lifted high above sea level, and they were probably consider- 
ably larger in extent than they are today. In North America, 
for example, this general uplift caused the Atlantic and 
the Pacific to recede so that dry land extended many hun- 
dreds of miles into the regions now covered by the oceans. 
The present basins of the Gulf of Mexico and the Carib- 
bean Sea were also occupied by land, while both the Amer- 
icas, now united only by a narrow isthmus, formed one 
continuous continent, as indicated in the first map of our 
cinematographic history of North America (Figure 42 on 
page 130). On the other side of the Atlantic the continents 
also protruded much farther west than they do now; in 
particular a long string of land known as “Atlantida” * 
reached out from the British Isles toward Greenland. 

But, as after all the previous revolutions, the uplifted 
continents slowly began to sink back into the plastic mass © 
below, and the incessant pounding of the rain washed away 
the rocky material of the mountains and high plateaux. 
Ocean water crept inland and, covering the lower parts of 
continents, formed numerous inland seas. On the continent 
of Eurasia, the waters of the ocean, penetrating deep into 
the interior, formed an extensive inland basin covering all 
the area now occupied by Germany, southern Russia, the 
southern part of Siberia, and most of China. This large 
inland sea was surrounded by a ring of highlands passing 
through the present positions of Scotland, Scandinavia, 
northern Siberia, the Himalayas, the Caucasus, the Balkans, 
and the Alps. The continent of Africa, however, seems to 


* This land, of course, has nothing to do with the mythical “Atlantis” of the 
ancients, since it existed hundreds of millions of years before man appeared on the 
surface of the Earth. 

+ It must be remembered that these elevations were completely obliterated long 
ago-by erosion; the mountains now rising in these regions are of considerably later — 
formation (see page 153 of this chapter). 


ee Se yt ae EVOLUTION OF CONTINENTS : 125 
ave been completely out of the water during all that time, 
nd it was connected with Europe by dry land extending — 
er the present Mediterranean basin. The northern part of 
ustralia was submerged by the waters of the Indian 
Ocean, whereas its southern part extended much farther 
south toward the Antarctic. On this side of the Atlantic, 
the advance of the ocean in the equatorial region almost 
Split the American continent in two (North and South 
America), and much of what is now Mexico and Texas 
was also inundated. The waters of the North Pacific cov- 
ered most of the central area of North America, including 
the entire Mississippi Valley, the region of the Great Lakes, 
and part of southern Canada. South of the equator, the 
advancing Atlantic waters formed an extensive shallow sea 
covering most of what is now Brazil. 

3 Although this extensive inundation was the most charac- 
teristic feature of the Early Paleozoic chapter of the Earth’s 
history and lasted for about 160 million years, one must not 
think that this epoch was completely devoid of movements 
of the crust. There are, in fact, some traces of minor 
ee formation activity, and the slow elevations and 
sinkings taking place in the continental areas were causing 
the inland seas to change the shape of their shore lines 
continuously. But all these changes were on a minor scale, 
and the stresses in the crust resulting from the cooling of 
the Earth were only slowly gathering their forces for the 
major outbreak that finally took place in the year 280,- 
900,000 z.c. 

_ The great disturbances of the Earth’s crust that opened 
the*next, the Late Paleozoic, chapter of the “Book of 
Sediments” are known as the Caledonian revolution, the 
name being derived from the mountains of the same name 
in Scotland and northern Ireland, where the results of the 
revolution were particularly pronounced. As the result of 


his revolution, a large mountain chain was elevated along 


1 line running through Scotland, the North Sea, and the 
scandinavian peninsula up to Spitsbergen. 

_ The extension of this chain ran across northern Siberia 
ind formed the elevated northern border of the Asiatic 
ontinent. Another mountain chain extended from Scotland 
Buen the North Atlantic all the way to Greenland, com- 
etely separating the Arctic Ocean from the waters of the 
rth Atlantic. In North America, where the revolutionary 
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activity began somewhat later than in Eurasia, high moun 
tain ranges were raised along a line running from the easte 
extremity of Canada through Nova Scotia and continuin 
farther south along the Atlantic coast. There was also ve 
pronounced activity at many points in South America: 
South Africa, and Australia, as can be seen from the ma 
of Figure 41, which shows the major accomplishments 0 
the Caledonian revolution. 


FIGURE 41 


Three great mountain-folding revolutions of the last 300,000,000 years. 
1. Mountain chains of the Caledonian revolution (about 300,000,000 
B.C.) represented by small dots. 


2. Mountain chains of the Appalachian revolution (about 150,000,000 

B.C.) represented by thin lines. 

3. Mountain chains of the Cainozoic revolution (about 40,000,000 B.c.) 

represented by large dots. . 

In spite of all this large-scale mountain-folding activity, 
the Caledonian revolution apparently was far from being a 
intensive as the previous one, and the general upheaval of 
land was considerably less pronounced. In fact, whereas th 
waters were completely forced away from the continental 
surfaces during the Charnian revolution, the Caledonian 
uplift left the Central North American Sea almost un- 
touched, together with the large water basin of Central and 
Eastern Europe. Another indication of the comparative 
mildness of the Caledonian revolution is the fact that it evi- 
dently did not relieve the stress in the Earth’s crust entirely, 
since we find rather pronounced activity of the crust through 
the entire Late Paleozoic chapter. There were countless 
small elevations and sinkings of land and the formation of 
various small mountain chains throughout the 130 million: 
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years that separated the Caledonian from the subsequent 
Appalachian revolution. 

_ This revolution, which opens the Mesozoic chapter, cul- 
minated the crust movements that had been continuing on 
a minor scale all through the previous period of submer- 
gence and raised a number of high mountain chains all over 
the world (Figure 41). 

__ In North America, the folding of the crust formed a 
V-shaped mountain system with its apex in Texas. One 
branch of this system extended along the Gulf Coast and all 
along the present site of the Appalachian Mountains, while 
another branch ran north-west, forming the ancestral 
Rockies and extending all the way to Puget Sound. In 
Europe, the compression of the crust formed a long chain 
beginning somewhere in Ireland (or farther out in the 
Atlantic), running through central France and southern 
Germany, and probably joining the Asiatic mountain chain 
north of the present site of the Himalayas. 

_ Like all the other mountains of the past, these once mag- 
nificent chains were long ago obliterated by rain, and the 
fact that some of them are at present slightly elevated 
above the continental plains is due to much later upheavals. 
The present Appalachians, from which the name of the revo- 
lution itself is derived, and the Vosges and Sudeten Moun- 
tains, which came into prominence in connection with recent 
events in Europe, represent but poor reminders of the glory 
of the year 150,000,000 B.c. 

The Mesozoic submergence period, lasting down to the 
most recent revolution, which took place only 40 million 
yee@rs ago, is in many respects analogous to the previous 
periods of submergence. Countless lowlands, marshes, and 
shallow seas provided vast playgrounds for the giant lizards 
that dominated the animal world of that time. 

But the stresses in the crust were gathering new strength, 
and the Earth was preparing for its latest revolution, which 
Save its surface its present aspect. 
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THE BEGINNING OF THE Most RECENT CHAPTER 


_ As we have said, the latest revolution, known as the 
Cainozoic, began about 40 million years ago, according to 
all indications, it is still going on at the present time. The 
fact that we live in a revolutionary period should not lead 


is to expect to see new mountains rising from the Earth 
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every day like mushrooms! As we have seen above, all the 
processes in the Earth’s crust take place extremely slowly, 
and it is quite possible that all the earthquakes and vol- 
canic activity occurring throughout the recorded history of 
the human race represent preparations for the next major 
catastrophe, which will result in the formation of new chains 
in some unexpected place. The evidence forcing us to assume 
that the activities of the Cainozoic revolution are still far 
from concluded is based on the fact that everything accom- | 
plished by this latest revolution up to now (i.e., the 
Rockies, the Alps, the Andes, the Himalayas, etc.) is still 
considerably short of the achievements of any of the pre- 
vious ones. Though “our” revolution may simply be not 
so world-shaking as past revolutions were, it seems more 
reasonable to assume merely that it has not reached its 
peak as yet, and that we are now living during one of the 
relative lulls in activity. 

Nearly all the mountains now existing on the surface of 
the Earth were raised up by this last revolution, and if our 
conclusion that this revolution is not yet completed is true, 
more mountain chains are bound to be formed in the 
“Immediate future” (in the geological sense of the word, of 
course). 

The last 40 million years, representing the beginning of 
the Cainozoic chapter, is arbitrarily divided into six con- 
secutive paragraphs known as: Paleocene, Eocene, Oligo- 
cene, Miocene, Pliocene, and Pleistocene periods.* The latest 
of these periods began in the great epoch of glaciation that 
we shall discuss in the next chapter, and it continues down 

to the present time. ; 
One of the first great achievements of the Cainozoic 
revolution (Figure 41) was the giant crumbling of the crust 
in the southern part of Asia, which raised the brand-new 
mountains of the Himalayas high above the surrounding 
plains. This crumbling was accompanied by terrific volcanic 
activity, and unprecedented quantities of basaltic lava were 
spread over the surrounding regions. The Deccan plateau, 
for example, which includes a large part of the Indian 
peninsula, rests upon basaltic rocks 10,000 feet thick, the 
cooled-down lava poured over the surface of the Earth dur- 
ing this period of upheaval. 


* The first five periods are often united under the general name of ‘*Tertiary’’ and 
the latest one is then called the ‘‘Quaternary’”’ period. In some classifications the 
Paleocene epoch is included in the Mesozoic era. 
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_ Another giant eruption of subterranean material also oc- 
curred in Japan at about the same time. 
_ On this side of the Atlantic, the compression of the crust 
during the early part of the Cainozoic revolution (in the 
Paleocene period) raised a giant mountain chain running 
almost from pole to pole and now known as the Rockies in 
North America and the Andes south of the equator. The 
folding of the major American mountain system was also 
~accompanied by volcanic activity, second only to the Indian 
instante mentioned above: the layers erupted lava, some. 
places several thousand feet deep, and formed the extensive 
Columbia plateau in the states of Washington and Oregon. 
These great events of the “first days” of the revolution 
evidently relieved the stress in the crust somewhat, and 
the Eocene and Oligocene periods were characterized by 
comparative quiescence and the lowering of the land ele- 
vated previously. But during the following Miocene period, 
only about 20 million years after the first outbreak, the 
revolutionary activity was resumed. The land was again 
elevated considerably, pushing back the ocean waters that 
had managed to creep up on it during the period of quies- 
cence, and new mountain folds, including the Alps in 
Europe and the Cascade Range in North America, were 
formed on the surface of our planet. This second outburst 
of the revolution continued on a somewhat smaller scale 
during the subsequent Pliocene period, and is still continu- 
ing at the present time. Whether the Miocene outburst was 
really the final one of this revolution we do not know, but, 
as we have indicated above, it is likely that our present 
coriparatively quiet epoch is merely a short breathing spell 
before the next outburst of revolutionary activity. 


CINEMATOGRAPHIC History oF Nort AMERICA 


In the foregoing sections we gave a brief abstract of the 
history of the continents as it can be read in the “Book of 
Sediments.” Naturally enough, we had to confine ourselves 
to the general features of the revolutionary epochs and the 
intervening periods of slow decay and submergence that 
permit the division of the “book” into well-defined chapters. 
We have mentioned, however, that changes on a smaller 
scale were going on all the time, causing permanent altera- 
tions in the surface of our planet. In order to represent all 
these changes continuously, we should have to draw sepa- 
rate maps for each hundred years at least, and then run 
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Pre-Cambrian 
revolution 


1, Pre-Cambrian (2,000,000,000 
to 450,000,000 .c.) 


3. Middle Cambrian (430,000,- 4, Late Cambrian (410,000,000 
000 to 410,000,000 B.c. ) to 390,000,000 B.c. ) 
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5. Early Ordovician (390,000,- 6. Middle Ordovician (365,- 
000 to 365,000,000 B.C.) 000,000 to 340,000,000 B.c.) 


Beginning of 
the revolution 


7. Late Ordovician (340,000,- 8, Silurian (315,000,000 to 
000 to 315,000,000 B.C.) 285,000,000 z.c. ) 


FIGURE 43 


Caledonian 
revolution 


9. Early Devonian (285,000,000 10. Middle Devonian (270,000,- 
to 270,000,000 3.c.) 000 to 255,000,000 s.c.) 


tl. Late Devonian (255,000,- 12. Early Carboniferous (240,- 
000 to 240,000,000 n.c.) 000,000 to 220,000,000 s.c.) 


FIGURE 44 
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13. Middle Carboniferous 14, Late Carboniferous (200,- 
(220,000,000 to 200,000,000 Ca 000,000 to 180,000,000 2.c. 


15. Early Permian (180,000,000 16. Middle Permian (170,000, 
to 170,000,000 B.c. 000 to 160,000,000 z.c.) 
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Appalachian 


Beginning of 
revolution 


the revolution 


18. Early Triassic (150,000,000 


17. Late Permian (160,000,000 
to 148,000,000 B.c.) 


to 150,000,000 s.c. ) 
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19. Middle Triassic (143,000,- 
000 to 185,000,000 B.c.) 


20. Late Triassic (135,000,000 
to 128,000,000 B.c.) 


FIGURE 46 


21, Early Jurassic (128,000,000 


22. Middle Jurassic (115,000,- 
to 115,000,000 3.c. ) 


000 to 103,000,000 z.c.) 


23. Late Jurassic (103,000,000 
to 90,000,000 B.c.) 


24, Early Cretaceous ( 90,000,- 
000 to 75,006,000 B.C.) 
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Beginning of 
the revolution 


25. Middle Cretaceous 
(75,000,000 to 55,000,000 s.c.) 


26. Late Cretaceous (55,000,- 
000 to 40,000,000 B.c.) 


Rocky-Andean 
revolution 


28. Middle Cainozoie (Oligo- 
cene and Miocene) (25,000,000 
to 10,000,000 B.c.) 


27. Early Cainozoic (Palzeocene 
and Eocene) (40,000,000 to 
25,000,000 B.c.) 
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29. Late Cainozoic (Pliocene) 80. Latest Cainozoic (Pleisto- 
{10,000,000 to 1,000,000 B.c.) cene) (1,000,000 to 15,000 B.C.) 


82. The Future 
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them through a motion-picture projector. Aside from th 
fact that present geologic knowledge is far from comple 
enough to make such an undertaking possible, a film 
which each frame represents a century of the Earth’s histo 


3. Climates of the Past 


WE Live In a Gractat Epocu 


AS WE have seen in Chapter VII, the entire history of the 
Farth is naturally divided into several long periods of sub-— 
mergence separated by comparatively: short revolutionary 
epochs, when the continents were violently lifted up and 
newly formed mountains arose in many places on the sur- 
face of the Earth. The idea of high mountains is insepa- 
rably associated in our minds with a picture of shining ice 
caps and magnificent glaciers descending from the moun- 
tainous regions as broad slow rivers of ice. Even in suh- 
tropical regions the tops of high mountains permanently 
wear their white frosting, while closer to the poles all high-} 
Jands are covered with thick sheets of eternal ice. In south- 
ern Chile and Alaska large glaciers descend from the coastal 
mountain ranges to the ocean, and the large pieces of ice 
breaking off from them are carried away by ocean currents, 
forming the giant floating icebergs. 

An ice cap some 1,800,000 square kilometres in area and | 
with a maximum thickness of more than 3 kilometres covers 
the island of Greenland,* while the isolated continent of — 
Antarctica is covered by an eternal layer of ice with a total z 
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ea of 13,000,000 square kilometres and an estimated 
average thickness of about 1 kilometre. 
_ Yet the present extent of the ice sheets, though cover- 
ing large areas of the continental] massifs, is considerabiy 
smaller than it used to be in the not so very distant past. 
The first indication that the present area of ice sheets js 
lowly decreasing is the well-known fact that most of the 
mountain glaciers of today are growing shorter and shorter 
every vear, 
_ But the most direct proof of much more extensive glacia- 
ion in the past can be found by studying the corresponding 
Jages of the “Book of Sediments.” Large areas of Northern 
furope and North America are covered by very character- 
Stic deposits known as earit,” consisting of “boulder 
day” or “till” mixed with gravel and sand. For a long time 
he origin of this material presented an insoluble riddle to 
ecologists, until, in 1840, the Swiss scientist Louis Agassiz » 
xplained it as due to the work of moving sheets of ice. 
-hese large masses of ice, descending into the valleys from 
igh mountainous regions, also leave deep scars on the ~ 
urfaces of the exposed rocks and Carry giant stones far 
way from their original sites. 
To the surprise. of contemporary geologists, Agassiz was 
le to prove not only that the flourishing valleys of his 
ative Switzerland, where he commenced his studies, were 
idden under the glaciers descending from the Alpine 
eights not so long ago, but that another giant sheet of ice, 
mming from the Scandinavian highlands, covered much 
f Morthern Europe. The distribution of glacial deposits left 
9 doubt that at that time all of northern Germany, north- 
m France, and the entire British Isles presented a land- 
ape that can be seen today only by explorers travelling 
Greenland or in Antarctica. 
On this side of the Atlantic, several separate sheets of ice, 
scending from the Canadian highlands, covered about half 
€ present area of the United States; not far from New 
ork City one can find rocks polished by the moving ice 
€ets and giant stones carried by the glaciers for hundreds 
miles only to be left in very unusual positions. 
Looking at the map of Figure 50, which shows the maxi- 
Im extension of ice during that epoch, we notice that, 
hough North America and Europe were hidden deep un- 
the ice, the glaciation in. Northern Asia was limited to 
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a very few small areas. This striking fact is explainable by 
the absence of mountains in the north of Siberia and affords 
additional proof of the view that glaciation is directly con-- 
nected with the presence of high mountainous regions. 

It has been estimated that the total volume of ice piled 
upon the continents during the maximum stage of glaciation 
amounted to many million cubic kilometres, and that, since! 
all this water must have been withdrawn from the ocean, sea) 
level at that time was about 100 metres lower than it is now.. 


FicurE 50 
Cainozoic glaciation in the Northern and Southern Hemispheres. Large | 
areas represent extensive continental glaciers; broken lines represent 
mountain glaciers. The glaciation of northern Siberia is uncertain. 


This resulted, of course, in a much larger extension of the| 
land, and at that time one could comfortably walk ten or’ 
twenty miles eastward from the present site of Atlantic City 
without even wetting one’s feet. 
_ Under the enormous weight of ice piled upon the northern | 
parts of the continents the crust of the Earth was pressed | 
down into the plastic mass underneath by as much as 200 
metres in the region of the Great Lakes, and still more 

farther north. As soon as the ice vanished, these regions 

were inundated by the waters of the ocean, and the dis- 

covery of marine shells and even skeletons of whales at ele- 

vations of several hundred feet in Michigan and in upper 
New York State is indisputable proof that the present ele- 

vation of these regions is the result of the later isostatic 

adjustment of the crust. 

We must also point out that careful study of glacial 
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deposits, both in this country and in Europe, indicates that 
there were at least four (and probably more) consecutive 
advances of ice, separated by long interglacial stages with 
relatively warmer climates.” In fact, during these inter- 
glacial stages the retreat of the ice sheets was even greater 
than it is at present,* so that we are forced to conclude 
that we are still living in the closing stage of the last glacial 
period and that, before the next sheet of ice begins its ad- 
vance upon our continents, the climate of North America, 
Europe and Asia ts bound to become somewhat warmer 
than it is at presente. 


° FIGURE 51 
Maximum extension of the last three glacial sheets over Europe. 


The time that has elapsed since the last extensive glacia- 
on can be estimated rather exactly from study of the 
eposits left by the retreating ice sheet. The deposits that 
ere formed in the glacial lakes bordering the southern 
Ige of the retreating ice clearly show well-marked layers 
lat correspond to summer and winter depositions. The ma- 
rial carried down by the streams originating in the melting 
e during the summers consists of rough material known 
; “silt,” usually light in colour. It is followed by the 
ker layers of fine clay formed during the winter months, 
hen the lakes were frozen and the waters were much 


‘It is interesting to note that the present area of glaciated regions is only three 
€és as small as it was during the maxirnum phase of glaciation. 
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years ago. 
Similar investigation carried out in the Western Hem- 

isphere has led to the conclusion that the first retreat of ice 

from North America began at about the same time. In view 


f 


of the fact that such a long period of time (from the hu-— 


man, not from the geological, viewpoint) was necessary to 
cover only one phase of a single glaciation period we must 
conclude that the ice was advancing and retreating across 
the northern parts of the continents for several hundred 
thousand years during the most recent period of the Earth’s 
_hastory. 

Evidence of the analogous glaciation periods in the South- 
ern Hemisphere is rather scarce, as the corresponding areas 
around the South Pole (40° to 70° south latitude) are 
mostly ocean wastes. It was found, however, that the snow 
line in the Andean highlands of Argentina, Chile, and Peru 
was once about one kilometre lower than it is at present, 
and there are indications of the existence of at least two 
cold waves with an intermediate warmer stage. The glaciers 
of New Zealand also used to be considerably larger, and 
there once were glaciers in Australia, which now hag¢ no 
ice at all. 


It UsEpD To BE WARMER 


Leafing back through a couple of million pages of the 
“Book of Sediments,” we find that the conditions of general 
glaciation are not at all typical of the history of the Earth, 
and that our planet used to have a considerably milder and 
more uniform climate during most of its existence. In fact, 
when we study the deposits of such a comparatively recent 
age as the Eocene period (which corresponds to the very 
beginning of the most recent revolution, about 40 million 
years ago), we find strong evidence that climatic zones 
were shifted northward at that time by as much as 20 or 30 
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degrees of latitude. In the Eocene deposits of continental 

_ Europe we find numerous fossils of palms and other plants, 
which indicate that that part of the world was then covy- 
ered with rich subtropical vegetation. Palm groves must 
have been a common sight in southern England in those 
days. The same is true of North America: the fossilized 
leaves of magnolias, palms, and other subtropical plants 
have been found’as far north as the states of Oregon and 
Washington. : 


FIGURE 52 
Distribution of vegetation zones in the Northern Hemisphere prior to 
the glacial periods, showing that subtropical forests extended as far 
north as London and Boston, whereas temperate vegetation could be 
found in southern Greenland, Iceland, and Spitsbergen. 

While the areas now covered by temperate vegetation 
were occupied by tropical jungles, such ordinary trees as 
oak, chestnut, and maple were growing in Alaska, Green- 
land, Spitsbergen, and Northern Asia. Finally, the typical 
boreal plants, such as dwarf birch and dwarf willow, were 
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very common in regions which are so far north that no 
vegetation at all can grow there today. Data concerning 
the Southern Hemisphere are again rather meagre, but the 
finding of coal deposits in several places along the shore of 
Antarctica indisputably proves that there were times when 
this continent, at present almost completely glaciated, was 
covered by rich vegetation. 

Some idea of the differences between present climatic 


conditions and those existing before the beginning of gen- 


eral glaciation can be gained from the map of Figure 52. 
In addition to the data of paleobotany, we also have 
similar data from paleozoology. Thus, for example, marine 
molluscs of the type now found only in warm seas existed 
as far north as the shores of Alaska, while rhinoceroses 
and tigers ranged across the present area of the United 
States! Going back still further in time, we find that the 
conditions of milder and more uniform climate were typ- 
ical of the whole period of Mesozoic submergence and that 
traces of extensive glaciation are first noticed only in 


A 


connection with the Appalachian revolution, that is, about — 


150,000,000 years ago. 

The most conclusive evidence about this ancient glacia- 
tion was found in South America, South Africa, India, and 
Australia, and the thickness of the glacial deposits shows 
that it was longer and more intense than the recent glacia- 
tion of Europe and North America. There are also definite 
indications that there were several distinct cold waves 
separated by warmer interglacial periods; the deposits found 
in many localities of Eastern Australia, Tasmania, and New 
Zealand bear the records of at least three such successive 
advances of ice. 

In the Northern Hemisphere, the Appalachian revolution 
was also followed by the advance of ice, but the existing 
records show that the glaciation was comparatively mild 
and limited to a small area. This must have been due 
either to the absence of extensive highlands (as in the case 
of Siberia during the recent glacial epoch) or to the arid 
climate, which did not provide enough moisture for the 
formation of extensive continental glaciers. 


Going still further back in time, we again encounter a 


warm climate during the entire period of Late Paleozoic 
submergence, and then again an extensive glaciation during 
the Caledonian revolution (300,000,000 B.c.), which left 
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numerous deposits in Alaska, Norway, and South Africa. 
Still earlier glacial deposits have been found to correspond 
to the Pre-Cambrian revolution that opens the historic 
period of the Earth’s life. 

Although the reading of the “Book of Sediments” be- 
comes more and more difficult as we go back to more dis- 
tant epochs, there seems to be no doubt that extensive 

glaciation periods were always connected with the revolu- 
tionary epochs of general continental upheaval and moun- 
tain folding, and that each of these glaciations consisted of 
a number of successive cold waves, which caused the ice 
sheets to move back and forth across the continental 
surfaces. 
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‘Do THE Pores WANDER ACROSS THE EARTH’S SURFACE? : 


The unusual climatic changes recorded in the “Book of 
-Sediments”—the existence of subtropical forests in Central 
Europe and the subsequent appearance of thick layers of ice, 

the glaciation of the subtropical regions of India, and other 
related facts—caused many geologists and geophysicists to 
assume that important changes in the situation of continents 
and the position of the poles must have been taking place 
during the past epochs of the Earth’s history. Basing their 
considerations on the original hypothesis of “continental 
drift” (see Chapters III and VII), with the additional 
assumption that the solid crust of the Earth can slide as a 
whole over the plastic material forming the interior of our 
planet. Wegener and a number of other scientists tried to 
reconstruct the relative positions of continents and poles to 
fit the climatic data supplied by historical geology. Thus, in 
order to explain the glaciation that took place simultane- 
ously in South America, South Africa, Australia, and India 
during the Appalachian revolution, they assumed that these 
lands were then much closer together than they are at pres- 
ent, and that the South Pole was situated roughly in the 
centre of the group. The corresponding site of the North 
Pole would be somewhere in the North Pacific, not far from 
the Hawaiian Islands. It was also assumed by various au- 
thors that the North Pole shifted to Alaska around the 
beginning of the Cainozoic era (in the Eocene period) and 
still later to the southern part of Greenland, thus causing 
extensive glaciation in North America and Europe. The 
warmer climate of recent times was considered to be the 
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result of the subsequent displacement of the pole from 
Greenland to its present position. In Figure 53 we give one 
of these endeavours (due to Kreichgauer) to explain the 
climatic changes observed during the various epochs of the 
Earth’s history by the migration of the poles.* 


Silurian 


Par 


FIGURE 53 
Hypothetical migration of the North Pole according to Kreichgauer 
This hypothesis, however, cannot be reconciled with our present knowl 
edge of the properties of the Earth and the distribution of vegeta 
tion in the past. 

Although this picture of “drifting continents” and “wan 
dering poles” presents inexhaustible food for our imagina 
tion and can be fitted into almost any given distribution 0 
climate, owing to a large degree of freedom in choosing thi 
position of the various elements involved, it can hardh 
stand up under criticism based upon our present know'led® 
of the properties of the globe. In fact, as we have alread 


* The reader will, of course, understand that when we speak of the “migration 
of the poles across the Earth’s surface, we actually mean the sliding of the Earth’ 


solid crust relative to its plastic interior. ar Rei we ws oe “3 
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en in Chapter VII, the basaltic bottom of the oceans 
is much too rigid to permit of any changes in the relative 
position of the continents; if such displacements actually 
occurred, they must have occurred at the very beginning of 
_the Earth’s history, when the basalt surface was still in a 
- liquid state. - 
__ The sliding of the crust as a whole over the plastic in- 
_ terior layers is possible even now, of course, but it was 
_ shown by Jeffreys that, taking into account the high vis- 
_ cosity of the plastic masses, we can hardly expect the poles 
_ to have changed their position by more than a few degrees 
during the entire course of geological time. Besides, it is 
_ very difficult to conceive of forces that could have moved 
_the poles along a line such as that shown, for example, in 
Figure 53. | 
_ More recent data of paleobotany and paleozoology seem 
_ to afford direct refutation of the pole movements assumed 
_by Wegener and others. Thus, for example, placing the 
_ North Pole in Alaska during the early Cainozoic era (Figure 
53) in order to account for the subtropical vegetation of 
Europe would condemn Alaska itself and all the surround- 
ing areas to a very severe boreal climate, whereas it is 
known that these regions were covered by temperate and 
even partly subtropical vegetation at the very time (com- 
pare the map of Figure 52). 
It 1s therefore necessary to assume that the relative posi- 
tion of continents and poles was very much the same during 
all of geologic history as it is at present. 
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WHAT CAUSED PeErtopic “Cotp WaAvEs’’? 


In order to understand the causes of the glaciations that 
_ occur periodically on the surface of our globe, we have to 
remember that we are dealing here with a double periodicity. 
First of all, extensive glaciations take place only during the 
_ periods of the Earth’s history that follow the great revolu- 
_ tions, when the surface of the continents is elevated and 
covered with high mountains. This periodicity simply in- 
' dicates that the existence of such elevations is a prerequi- 
_ site for the formation of thick sheets of ice, which, growing - 
larger and larger, descend from the mountains and cover 
_ extensive areas of the surrounding plains. 
__ But within each glacial era corresponding to a given revo- 


lution there are also periodic changes considerably shorter 
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in duration; while the mountains are still standing, the 
ice advances and retreats across the plains many times in 
succession. This second periodicity is evidently independent 
of changes in the structural characteristics of the Earth’s 
surface, and must be ascribed to real changes in tempera- 
ture. Since the heat balance on the surface of the Earth is 
wholly regulated by the amount of solar radiation falling 
on it, we must look for possible factors that can affect the 
amount of incident solar radiation. Factors of this sort 
may be: (1) variations of the transparency of the terrestrial 
atmosphere; (2) periodic changes in solar activity; and (3) 
changes in the Earth’s rotation around the Sun. 

The purely atmospheric explanation of the variability 
of climate, which is still favoured by many climatologists, 
rests on the hypothesis that, for one reason or another, the 
amount of carbon dioxide in our atmosphere is subject to 
periodic fluctuations with time. Since this constituent of 
the air is largely responsible for the absorption of heat 
radiation, a relatively slight decrease in the carbon-dioxide 
content of the atmosphere might have caused a consider- — 
able drop in the surface temperature, resulting in the ex- 
cessive ice formation characteristic of glacial periods. It must 
be borne in mind, however, that although such an explana- 
tion is in itself quite possible, the reason for these supposed 
periodic fluctuations in the composition of the air is not at 
all clear. Moreover, there is no way of checking whether 
the extensive glaciations of the past were actually con- 
nected with a variation in the air’s carbon-dioxide content. 

The hypothesis that seeks to explain the cold spells by 
variability of solar activity suffers from the same sort of 
indefiniteness. To be sure, we do observe periodic changes 
in solar radiation, caused by the varying number of sun- 
spots, which reaches a maximum every 10 or 12 years. It is 
also true that during the years of sunspot maxima the aver- 
age terrestrial temperature drops about one degree centi- 
grade because of the decrease in the amount of radiation 
received. But there are no indications, either observational 
or theoretical, of variations of solar activity persisting for 
thousands of years. Here, as with the carbon-dioxide hypoth- 
esis, it appears to be quite impossible to check the coinci- 
dence of past glacial ages with minima of solar activity. 

The last of these three hypotheses is not subject to these 
strictures, however, and, as we shall see, it not only enables 
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s to understand the causes of periodic glaciation, but also 
akes it possible to fix their dates in excellent agreement 
ith geologic evidence. 

__ The reader will remember that the seasonal changes on 
the surface of the Earth are due to the fact that its axis of 
rotation is inclined to the plane of its orbit, so that for six 
months the Northern Hemisphere (and another six months 
_ the Southern Hemisphere) is turned toward the Sun (Fig- 
~ ure 54). Owing to the longer duration of the day and the 
~ more vertical incidence of the solar rays, the hemisphere 
_ turned toward the Sun receives considerably more heat and 
_ has a summer season, whereas the opposite hemisphere goes 
_ through the period of winter cold. 
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; FIGURE 54 
Familiar explanation of the seasonal changes in the Northern and 
: Southern Hemispheres. 


It must be remembered, however, that the Earth’s orbit 
_ is not exactly a circle, but an ellipse, so that the Earth gets 
Closer to the Sun at some points of its trajectory than at 
Others. At the present time the Earth passes through the 
_perthelion of its orbit (i.e., through the point closest to the 
Sun) at the end of December, and reaches its maximum 
distance from the Sun at the end of June. Consequently, 
winters in the Northern Hemisphere must be somewhat 
, milder than in the Southern, whereas northern summers 
must be somewhat cooler. We know from astronomical ob- 
_ Servation that the distance to the Sun in December is some 
3 per cent less than in June, so that the difference in the 
heat received in opposite hemispheres should amount to 6 
per cent, since the intensity of radiation decreases as the 
inverse sauare of the distance. Using the relationship be- 
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tween the amount of radiation received and the tempera-_ 
ture of the surface,* we find that at the present time the 
mean temperature of northern summers must be 4 to 5° C. 
(7 to 9° F.) lower, and the mean temperatures of northern 
winters 4 to 5 degrees higher, than the corresponding 
values for the Southern Hemisphere. 

One might think that these differences between the two 
hemispheres cannot contribute to the explanation of glacial 
periods, since the colder summers will be compensated for 
by the warmer winters, and vice versa. This is not true, , 
however, because the relative effect of temperature varia- 
tions upon the formation of ice is quite different for sum- 
mers and winters. In fact, if the temperature is already 
below the freezing point (as it usually is during the winter), 
its further decrease will not influence the amount of snow- 
fall, since all the humidity present in the air is precipitated 
anyhow. On the other hand, the increase of radiation during 
the summer will considerably accelerate the melting and 
removal of the ice formed during the winter months. Thus 
we must conclude that colder summers favour the forma- 
tion of ice sheets much more than colder winters, and that | 
consequently the conditions necessary for extensive glacia- 
tion are at present realized in the Northern Hemisphere. 

“But,” the reader will probably ask, “why don’t we then 
have glaciation in. Europe and North America at the present 
time, if the climatic conditions favour it?” The answer to 
this question lies in the absolute value of the temperature 
difference; and it seems that the cooling of 4 to 5° C. 
(7 to 9° F.) is just below the amount necessary to cause 
the growth of ice sheets. As we have seen above, the glaciers 
of the Northern Hemisphere are at present retreating rather 
than advancing. But the balance between the amount of 
snowfall during the winters and the amount of melted ice 
during the summers is a very delicate one, and a drop in 
summer temperature that is only two or three times larger 
may completely reverse the situation. 

Looking for the causes of larger temperature differences, 
which might have caused extensive glaciations of the past, 


we must turn our attention to possible changes in the direc- 
- *Tf LZ, and Lo represent the amount of heat received, and 7; and JT» represent 
the corresponding surface temperatures, we obtain the equation: 


Ti a 273°C, g. ripe 
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n of the Earth’s axis of rotation and in its orbital motion 
round the Sun. It is well known that the rotation axis of © 
the Earth is slowly changing its position in space, describing 
a cone whose central line is perpendicular to the plane of the 
orbit; a phenomenon analogous to that observed in an ordi- 
ey spinning top (Figure 55a). This motion of the Earth’s 
axis is known as precession;* it was explained by Newton. 
_as due to the attractive forces of the Sun and the Moon on 
‘the equatorial bulge of the rotating globe. This motion of 
the Earth’s axis in space is very slow, taking about 26,000 | 
‘years to complete the entire cycle. It is clear that the phe- 
nomenon of precession will periodically change the situation 
described on the previous pages, and that approximately 
every 13,000 years the Earth will pass through its perihelion 
with its Northern and Southern Hemispheres alternately 
turned toward the Syn. It is also clear that this phenomenon, 
alternating the climatic differences between the two hemi- 
spheres, cannot bring about_a more intensive decrease of — 
temperature in either of them; if at present “we could, but 
do not actually, have an ice age at New York” the same 
formula will be applicable to Buenos Aires 13,000 years 
hence. 

_ In addition to ordinary precession, there are other per- 
_turbations of the motion of the Earth caused by the action 
of other planets, by Jupiter, in particular, which, proud of © 
its great mass, tackles almost every little planet of the solar 
system. The study of these perturbations represents the chief 
subject of the science of celestial mechanics, which has been 
‘brought to the highest degree of precision by the work of 
‘Mamy great mathematicians of the past and the present. 
__ We learn from celestial mechanics that the inclination of 
the Earth’s axis of rotation to the plane of its orbit (which 
‘is unaffected by ordinary precession) is subject to periodic 


changes with a period of about 40,000 years (Figure 55b). 
‘Since the very existence of the summer and winter seasons 
‘is due to this inclination (compare Figure 54), we must 
conclude that /arger inclinations increase the differences be- 
tween the two hemispheres and lead to warmer summers 
and colder winters. On the other hand, the straightening of 
‘the Earth’s axis leads to a more uniform climate: the dif- 


no 


Jerences between seasons would disappear completely if the 


4 * The name “precession” was introduced in 125 B.c. by Hipparchus, who noticed 
that the “point of equinox’’ (i.e., the point on the celestial sphere where the ecliptic 
sses the equator) is slowly ‘“‘preceding”’ or “‘stepping forward” to meet the Sun, 
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axis were perpendicular to the plane of the orbit. 

Nor does the orbit of the Earth itself remain unchanged; 
it rotates slowly around the Sun, with periodic increases 
and decreases in its eccentricity (Figure 55c,d). Although 
both changes show a roughly periodic character, the periods 
vary from. 60,000 to 120,000 years, and in order to get an 
exact picture of these variations one is obliged to use the 
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FicureE 55 
Variations of the elements of the Earth’s motion. 
a. Precession of the axis of rotation. 
b. Variation of inclination to the plane of the orbit. 
c. Precession of the Earth’s orbit. 
d. Changes in the eccentricity of the orbit. 
(All variations are greatly exaggerated in the diagram.) 


complicated calculations of celestial mechanics. Fortunately 
enough, the methods of celestial mechanics are so fabulously 
precise that the entire picture of the behaviour of the Earth’s 
orbit can be reconstructed as far back as one million years 
with a probable error of not more than 10 per cent. 

The rotation of the orbit around the Sun obviously pro- 
duces the same effect as the precession of the Earth’s axis, 
and the two phenomena must simply be added together. 

Periodic changes of eccentricity are of great importance 
for climatic conditions i in both hemispheres. During epochs 
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_ of large elongation of the orbit, the Earth is especially far 
_ from the Sun while passing through the most distant point 
_ of its trajectory, and the amount of heat received by both 
_ hemispheres at that time is exceptionally low. According to 


exact calculations, the eccentricity of the Earth’s orbit 180,- 


_ 000 years ago, for instance, was 214 times larger than it © 
is at present, from which it follows that the temperature 


difference between the Northern and Southern Hemispheres 


must have been about 9° to 10°C. (16° to 18° F.) (see. 


vp a 


footnote, page 150). 

Although the temperature changes resulting from any one 
of the above causes may not be very important, we must 
remember that if they had all been acting in the same direc- - 
tion at a certain epoch of the Earth’s history, the combined 


_ effect might have been rather large. Thus, during the epoch 


when the eccentricity of the orbit was especially large, the 
inclination of the axis especially small, and the summer sea- 
son in the Northern Hemisphere occurred while the Earth 
was passing through the most distant part of its elongated 
orbit, the amount of heat received in this hemisphere during 


_ the summer months must have been exceptionally low. 


On the other hand, a smaller eccentricity of the orbit 
combined with the opposite inclination of the axis of rota- 
tion must have caused considerably milder climatic condi- 
tions in this hemisphere. 

Using the data on the elements of the Earth’s motion 


_ obtained by the methods of celestial mechanics, a Yugoslav 


geophysicist, A. Milankovitch, constructed a chart repre- 
serting climatic variations in the Northern and Southern 
Hemispheres due to these purely astronomical causes. One 
of his curves, for the Northern Hemisphere, representing 
the amount of solar heat received at 65° north latitude dur- 
ing 650,000 past summers, is reproduced in Figure 56. This 
curve shows that the unidirectional action of all the three 
causes mentioned above must have taken place in the years 
25,000 B.c., 70,000 B.c., 115,000 B.c., 190,000 B.c., 230,000 


 B.C., 425 000 B.C., 475 000 B.c., 550 000 HO. and 590,000 


B.C. " Comparing this theoretical curve with ‘the empirical 
curve obtained by geologists, which represents the maximum ~ 
extension of the glaciers of the past (as determined by 


” glacial deposits), we find that the agreement is even better 


_ than could have been expected. This proves beyond any 


4 


_ doubt the correctness of the above explanation of glacial 


154 e BIOGRAPHY OF THE EARTH 


periods. Similar results were also obtained for the Southern — 
Hemisphere, but in that hemisphere the comparison of — 
theory and observation is much less decisive because of 

our comparatively meagre knowledge concerning glacial ad- 

vances there. 

It is apparent that there must have been a number of 
separate glacial advances; the geological division of the 
glacial epochs into only four or five periods is due to the 
fact that these separate advances have been always associ- ~ 
ated in close groups of two or three. td 
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FIGURE 56 
The upper graph represents the variations of temperature during sum- 
mers at 65° north latitude (after Milankovitch). The lower graph gives 
the different glaciation periods as deduced from geological data. The 
names in parentheses are those of the small rivers where the deposits 
produced by various advances of ice were first found; the correspond- 
ing ice ages are usually designated by the names of these rivers. 

In concluding this chapter, we must remind the reader 
once more that the periodic succession of warmer and colder 
climates, caused by purely astronomical factors, must have— 
been taking place at intervals of less than a 100,000 years © 
throughout the entire geological history of our planet. It 
was only during the mountainous stages of the Earth’s evo- 
lution, however, that conditions were favourable enough for 
the formation of extensive glaciers by each of these succes- 
sive cold waves. Since we are now living more or less in the 
midst of a revolutionary epoch in the evolution of our 
planet, with a number of high mountains already standing 
and a still larger number probably impending, we must ex- 
pect the ice that retreated some 30,000 years ago to come 
back again, and that these periodic advances and Se 
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will continue as long as there are any mountains in northern 
satitudes. Only when, after many millions of years, all the 
elevations formed by “our” revolution will have been finally 
washed away by rains, will glaciers completely disappear 
from the face of the Earth, the climate become milder and 
more uniform, and the changes in the Earth’s orbit and the 
4 inclination of its axis result only in relatively unimportant 
_ variations of the average yearly temperatures in different 
2 localities. And then, after another hundred or two hundred 


million years, a new revolution and new periodic glaciations 
will ensue. 


9. Life on the Earth 


THE ORIGIN OF LIFE 


_ Ir We remember that less than two billion years ago our 
planet was a red-hot sphere of molten matter, we must 
“inevitably conclude that all the forms of life that now 
flourish on its surface must have come into being only after 
this surface was covered with a solid crust and had cooled 
down sufficiently to permit the existence of complex organic 
substances. More specifically, we can associate the appear- 
ance of living beings with the epoch when torrents of warm 
water fell from the sky on the slowly cooling surface of the 
Earth, forming extensive ocean basins, which have always 
been recognized as the cradle of primeval life. 
ince, according to the evidence of paleontology, life 
could not have been present on the Earth during the early 
Stages of its existence, but came into being almost as soon 
as the conditions became favourable, the great question 
confronts us: “How and why did life appear on our planet?” 
Not so long ago, one of the favourite explanations of the 
appearance of life on our planet was the hypothesis first 
advanced by Richter in 1865, according to which life itself 
is eternal and is carried from one planetary system to an- 
other in the form of minute living spores or ‘“‘cosmozoans.” 
Whenever such a “cosmozoan” reaches a planet on which 
the conditions are favourable for its development, it begins 
gio multiply and, through the long progress of organic evo- 
lution, leads to all the higher forms of life. Svante Arrhenius 


‘Pointed out that these world-travelling life-carriers could 
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attain considerable velocities in their journey through space, 
driven forward as they were by the radiation pressure of 
light emitted by the stars. He calculated, in fact, that a 
small plant spore, carried to the upper limit of the atmos-— 
phere by some ascending air current and then “blown away” — 
by the radiation of the Sun, can attain a velocity of about 

100 kilometres per second. Travelling with such velocity, 

the spore would require but a few months to reach the other 

planets of our system, and in 10,000 years it would cover — 
the distance separating us from the nearest star. It was” 
argued that under conditions of extreme dryness such spores 

could retain their germinating power for a very long time 

in spite of the extreme cold of interstellar space, and would 

be able to start new life in other worlds whenever they 

found the environment suitable. It must be borne in mind, 

however, that such travelling spores would be threatened 

by another agent, much more perilous than the danger of 

“freezing to death.” It is now known that the ultraviolet 

rays of our Sun, which are almost entirely absorbed by 

the terrestrial atmosphere, will rapidly kill any micro-organ- 

ism that ventures beyond this protective shield. Thus, life | 
must be inevitably extinguished in such travelling spores 

long before they are able to reach even the nearest planet. 

Besides, quite apart from the problem of the preservation 

of life during the long interstellar voyage, the “cosmozoan 

hypothesis” becomes rather senseless in the light of modern 

knowledge concerning the age and origin of the stellar uni- — 
verse. In fact, it seems at present rather certain that the 
stars themselves are not eternal and were born from, the 
primordial hot gas that formerly filled all space.* 

This “physical creation of the universe” must have taken 
place during the epoch immediately preceding the forma- 
tion of our Earth and other planetary systems, and, since 
it is obvious that at that time no life could exist anywhere 
in the universe, the problem of the origin of life has to be 
faced anew. Nor is there much sense in the efforts to push 
the important question of the creation of life into the dis- 
tant corners of space that are in no respect different from 
our own good Earth. : 

But if life really originated on our planet as the result 
of some complicated rearrangement of previously dead mat- 


* A discussion of present views on the origin of the stellar universe may be found 
in the author’s book. The Birth and Death of the Sun (New York. Viking Press, 
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ter, we must inquire into the nature of the processes that 
_ led to the formation of primitive living organisms and the 
_ conditions necessary for this important transformation. 

__ The problem of the origin of life understandably counts 
_ as one of the most exciting questions in the natural sciences, 
_ but in spite of almost endless speculation on this subject, 
it is still far from its final solution. Of course, the transition 


: 


_ between dead and living matter must have been very grad- 
ual, and over very long periods of time it must have been 
impossible to tell whether a given lump of matter belonged 
to the animate or the inanimate world. It is probably safe 
_to assume that the appearance of “real” living things was 
_ preceded by the formation of various complex organic com- 
_ pounds of carbon, which were later used as “moulding clay” 
for the building of primitive organisms. It was pointed out 
by the Russian scientist Oparin, who studied the problem 
_ of the origin of life in much detail, that the primeval ocean 
Must already have contained certain amounts of carbo- 
hydrates in solution,* such as ordinary marsh gas, for exam- 
ple, which were formed through the action of water on 
inorganic carbon compounds (probably carbides) present 
on the surface of our planet from the very beginning of 
its history. The atoms of carbon are outstanding among 
the chemical elements because of their exceptional ability 
_ to form long molecular chains, giving rise to extremely com- 
plex chemical substances. Thus it is quite conceivable that 
during the epoch following the formation of oceans the 
molecules of various elementary carbon compounds (hydro- 
carbons), dissolved in the ocean waters, were uniting with 
one another and building up increasingly complex organic 
substances. The recent progress of synthetic chemistry 
“Makes it rather certain that even the most complex organic 
substances can be produced artificially, and one should not 
wonder that such synthesis should also have taken place 
in the waters of the primeval oceans. The process of the 
‘Spontaneous formation of organic substances must have 
taken a very long time, of course, because of the low con- 
centration of the original components and the absence of 


various accelerating substances (catalysts) that are ordi- 
* Carbohydrates are comparatively simple combinations of carbon and hydrogen 
” arn They play an important role in living beings, but can also be obtained syn- 
etically under laboratory conditions. The simplest hydrocarbon is known as 
“methane,’’ or marsh gas, its molecules consisting of one carbon atom and four 
hydrogen atoms. The next in complexity is “‘ethane’’ (two carbon atoms and six 
hydrogen atoms), from which ordinary alcohol can be obtained by the addition of 
an oxygen atom. 
dy 
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narily used by synthetic chemists in their work. But, from — 
the point of view of the Earth’s history, even a hundred 
million years may be regarded as a short time interval. | 

Assuming that the waters of the oceans already contained | 
all sorts of rather complicated organic materials at a cer- 
tain early epoch, including, for example, the proteins that 
represent the basic material of all living things, we still do 
not have the answer to our riddle, since all synthetic sub-_ 
stances are without any trace of life. The “spark of life” 
is given not only by the chemical constitution, but also by — 
the definite organization of the material, and in order to 
understand the transition from dead organic matter to ~ 
living organisms, we must pay special attention to the 
processes that could have differentiated the primary dead 
material and organized it into separate units. 

One of the most important points to be taken into account 
in any discussion of the nature of life is the fact that living 
protoplasm, out of which all animals and plants are con- 

- structed, is a so-called colloidal solution of various complex 

organic substances in water. Colloidal solutions of inorganic 

or organic matter actually represent a very fine emulsion, — 
consisting of minute electrically charged particles of the 
substance in question, suspended in water and held apart 
by the repulsive electrical forces between the charges.* Since 
pure water is a very poor conductor of electricity, the par- 
ticles retain their charges for an indefinitely long time, and 
the emulsion does not settle down. If, however, we take a 
colloidal solution of, let us say, gold and add some salt to 
it, thus increasing the water’s electrical conductivity, the 
separate particles will rapidly lose their charges and begin 
to fuse together. This will lead to the formation of larger 
and larger particles (coagulation), which will soon precipi- 
tate a thin layer of gold on the bottom of the vessel. We 
can also cause such precipitation by mixing together two 
different colloids, the particles of which carry electrical 
charges of opposite sign. In this case, the repulsion between 
similar particles will be compensated for by the attraction 
between particles with opposite charges, and coagulation 
will immediately follow. 

Colloidal solutions of organic substances, such as ordinary 
gum arabic, differ from all other solutions of this type in 


* Unfortunately we cannot enter here into the details of the rather complicated 
processes by which such colloidal suspensions are produced. 
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hat the molecules of carbon compounds possess a strong 
_ chemical affinity for water. The colloidal particles of these 
_ substances are always surrounded by concentric layers of 
: water molecules, as indicated in Figure 57b. The molecules 
_ of water forming the first layer are firmly attached to the 
_ surface of the particle, whereas the successive outer layers 
: are bound more and more loosely. As a result, each particle 
_ is surrounded by a stable “water membrane,” although there 
"is no real demarcation between the water molecules in the 
* membrane and the water molecules of the solution. 
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. Figure 57 
a. Inorganic colloidal particle. Water molecules move freely around 
the particle. 


F b. Organic colloidal particle. Water molecules stick to the surface, 
| forming concentric layers. 

_ The existence of such a water membrane’ surrounding 
_ thé colloidal particles of complex carbon compounds adds 
greatly to the stability of these systems and probably repre- 
sents the most important factor in the structure of living 
matter. The water membrane prevents the particles from 
losing their electrical charge, and even if a salt is added 
to the solution, coagulation will not take place. If we mix 
together two organic colloidal solutions possessing opposite 
charges, the particles begin to attract one another, but they 
will be unable to fuse together because of the water mem- 
branes covering them. Instead of-a solid precipitate, in this 
case we obtain a semi-liquid jeliy-like substance usually 
known as coazervate. For example, mixing together (under 
suitable conditions) the colloidal solutions of gelatine and 
gum arabic (both of which, in their dilute states, are clear, 
homogeneous liquids) we will observe the formation of 
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minute droplets of complex gelatine-gum-arabic coazervate, 
which separates from the rest of the liquid and makes the 
mixture look opaque. 

Careful studies by numerous investigators show that the 
properties of coazervate droplets present many interesting 
analogies with the properties of living protoplasm. In par- 
ticular, these droplets possess the ability of absorbing vari- 
ous substances dissolved in the surrounding solution, thus 
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Figure 58 

a. Coagulation of an inorganic colloid. Particles come together, form- 

ing a solid substance. 
b. Coazervation of an organic colloid. Particles are separated by a 

water membrane, forming a jelly. 
increasing their size and weight. According to Oparin, the 
formation of coazervates from the various organic substances 
dissolved in the water of the primeval ocean represented 
the most important step toward the development of tife 
on our planet, and one may regard these minute droplets, 
formed by ordinary physicochemical processes but already 
possessing the ability to grow, as the “missing link” be- 
tween the inorganic and organic worlds. Beginning with this 
stage the evolution of organic matter ceased to be a process 
uniformly distributed throughout the ocean waters, and 
each separate coazervate droplet was bound to live a life 
of its own. The individuality of life resulting from the 
separation of such droplets from the previously more or 
less continuous solution must have led at once to the “strug- 
gle for life’ and Darwin’s process of the “survival of the 
fittest.” 

Those coazervate droplets whose chemical constitution 
made them better adapted to existing conditions and better 
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able to assimilate various chemical substances dissolved in 
the Surrounding water had a better chance to grow at the 
expense of the material taken away from the other, ‘“weaker” 
droplets. Although this competitive process bore in itself 
the fundamental features of life, it still had a rather ele- 
mentary character and could easily be mistaken for purely 
inorganic processes, such as the growing of larger droplets 
ao fog at the expense of smaller ones. But as time went on, 
_ the process of “natural selection” of those coazervate drop- - 
lets that had developed a better method of food assimila- 
“tion steadily increased the gap between these newly formed 
organisms and ordinary inorganic material. The fittest, and 
therefore the most rapidly growing, droplet organisms could 
“not, however, go on growing indefinitely, because the ratio 
of their surface to their total volume was becoming smaller - 
‘and smaller.* Since all primitive organisms assimilated theit 
food through their surfaces, the increase of “flesh” to be 
fed through a given area of “skin” was turning against those 
that had attained an especially large size. This must have 
led to the splitting of very large individuals into two equal 
‘parts, a process that, in a very much advanced form, can 
be now observed as complex cell division. The daughter or- 
‘ganisms produced by solitting now had the advantage of a 


w 


larger active surface together with the hereditary good con- 
Stitution, and carried on the banners of the race. 


Ts THE “Lire-Creatinc” Process CONTINUING 
AT PRESENT? 


Before proceeding with the discussion of organic evolu- 
tion, we may ask ourselves whether the process of “life 
creation” described above took place only once in the dim 
past of the Earth’s history, or whether it can be assumed 
to be continuing at the present time? Of course, nobody. 
believes now, as was customary a century ago, that flies 
originate spontaneously from decaying meat, mice from 
mud and dirt, and mould from moisture on the walls. More- 
over the famous experiments of Pasteur and his school, 
definitely proved that even the simplest micro-organisms 
cannot appear spontaneously in hermetically sealed veg 
a contents of which were carefully boiled beforeh 


order to kill all existing germs. But the process 


__* With the increase of linear dimensions the surface increases 
radius, and the volume as the cube of the radius. 
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creation” described above is extremely slow, and after all 
nobody can be sure of what would happen if a bottle of 
pasteurized milk should be opened a couple of millions of 
years after it was sealed! On the other hand, since the con- 
ditions necessary for the origin of life must have been about 
the same as the conditions necessary forts further develop- 
ment, it is difficult to find any a priori reason why the slow 
transformation of inorganic matter into primitive living or- 
ganisms cannot be continuing even today. 

It can be argued, of course, that the total amount of or- 
ganic substances originally dissolved in the primeval oceans 
is now largely reduced, having been used up in the building 
of existing plants and animals. But there is also no doubt 
that the ocean waters of today still contain large amounts 
of organic matter (originating to a large extent in the decay 
of living organisms), and it is difficult to see why this mat- 
ter cannot be used in building up new life. 

One may also say that, even if new life is being created 
at the present time, the primitive organisms formed in such 
a process must be immediately eaten up by higher animal 
species and would have no chance of developing a new line 
of their own. However, if such a point of view were gen- 
erally correct, the oceans of today would be entirely devoid 
of any simple forms of life, since all the smaller organisms 
would be eaten up by fish. Reducing this argument to ab- 
surdity, we should also expect that there would be no grass 
on the Earth, since it would be all eaten up by cows; and 
no cows, since they would be eaten up by man.... 

It seems that the strongest argument in favour of ,the 
theory extending the genealogical tree of any living being 
all the way back to the first appearance of life on our planet 
lies in the fundamental similarity between all living things. 
It can be argued, for instance, that such a complex sub- 
stance as chlorophyll,* which is present in all plants, could 
not have originated independently in several unrelated lines — 
of evolution, and that consequently all the members of the — 
plant kingdom must be direct descendants of a certain “first 
Rant.” 
it must be borne in mind, however, that since we still : 
z very little about the laws of evolution, we can never — 
we.as to how much of the observed similarity between 


Mis a complex organic substance which gives plants their green 
tves to extract their food from the air by decomposing atmospheric 
and using the carbon to build up complex organic substances. 
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living things stems from direct heredity and how much is 
due to the general frame of development that nature im- 
poses on all living organisms. In Chapter IV we saw, for 
“example, that astronomical observations of the planet Mars 


‘Strongly suggest that its surface is covered by some kind 
of vegetation, which is green in colour during the spring 
months and brown during the autumns and winters. The 
‘green colour of Martian vegetation definitely indicates 
‘that the leaves of the plants growing on Mars contain 
chlorophyll, probably identical with that of the terrestrial. 
flora. Following the above argument, one would be inclined 
to believe that the Martian plants originated from some 
seeds carried over from the Earth (or vice versa), whereas 
we have already seen that such a transfer of life, even be- 
tween neighbouring planets, must be regarded as quite im- 
possible. It seems much more reasonable to believe that the 
Martian vegetation developed quite independently, and has 
green colour simply because the best chemical substance 
for the assimilation of the carbon dioxide of the air is green 
chlorophyll. In the very same way the similarity of the 
Snowflake figures on the Earth and on some distant planet 
should be ascribed to the general properties of water crys- 
tals, and not to an “interplanetary snowstorm.” 
__ Thus there seems to be no definite ground for believing 
that all living things existing at present on the Earth are 
the direct descendants of some “bacterial Adam” living 
sometime between 1,000,000,000 and 2,000,000,000 z.c. Nor 
is it wholly impossible that the great-great-great-great ... 
great-grandparents of certain simple plants and animals now 
in éxistence may have been a couple of ordinary, unpre- 
tentious molecules as recently as the Mesozoic or even the 
Cainozoic era. On the other hand, there is also no doubt 
that most of the higher organisms must have passed through 
a very long sequence of intermediate forms, and that their 
genealogy extends to a much more distant past. 

All the foregoing arguments for and against the point of 
view that the original “life-creating” process is still going 
on at present are all on the theoretical side. We may ask, 
however, whether any direct evidence can be obtained from 
observation of the living world, and whether there is any 
Chance of finding the “missing link” between living and dead 
matter. The answer to this question is very difficult, of course, 

since, even if the representatives of such transitional stages 
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of evolution are being continuously formed in ocean water 
today, they will easily escape detection because of their 
extremely small size and their comparatively small number.* 
It may be mentioned, however, that the study of ooze ob- — 
tained from great depths of the ocean indicates the presence — 
of some organic matter in the form of jelly sediments, and 
it is not entirely impossible that in this case we have before — 
our eyes the state of organic matter “preparing to become | 
alive.” Some investigators are also of the opinion that the 
recently discovered “subbacteria” or “viruses,” which are 
so small as to preclude microscopic study of their structure, — 
may represent the most primitive organisms occupying the © 
intermediate stage between animate and inanimate matter. 


THE First STEPS OF ORGANIC EVOLUTION 


Since the earliest forms of life were limited to miniature — 
soft-bodied organisms, there is not much chance of finding 
any extensive evidence of these first living beings among 
the early fragmented pages of the “Book of Sediments.” 
. There is, however, an abundance of indirect evidence. As 
we have-said, the thick layers of marble found in various 
places on the Earth represent strongly metamorphized de- 
posits of ordinary limestone, formed probably more than a 
billion years ago. It is well established at present that the 
more recent deposits of limestone are due largely to the 
work of simple micro-organisms, so that we may conclude 
with some degree of certainty that such simple forms of 
organic life were already in existence in that distant past. 

The deposits formed during these early epochs of. the 
Earth’s history also contain a certain amount of carbon in 
the form of thin graphite layers. Although the presence of 
carbon can also be attributed to volcanic activity, its dis- 
tribution through the rocks makes it more likely that it 
originated as the result of the decay of organic matter and 
was metamorphized into granite when the deposits were 
pushed deeper into the Earth and became subject to very 
high pressures and temperatures. All this indicates that life 
was present in its very elementary forms more than a billion 
years ago, and that the absence of “true” fossils, such as 
we find in the later deposits, is simply due to the fact that 
at-this early stage of development living organisms did not 


* Thée’comparative rarity of these early products of organic evolution should be 
expected for.the very same reason as the rarity of newborn babies, compared with 
the rest of the»population. 
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yet have rigid skeletons which could have made lasting im- 
pressions on the folded pages of the book of the Earth’s 


history. 


__ li through some miraculous device we were able to move 
back in time and transport ourselves to the year 1,000,- 
000,000 B.c., the tepid waters of newly formed oceans and 
the rocky slopes of the primeval continental massifs would 
afford us a rather lifeless view. Only through careful study 
_would we be able to find that life is already present on the 
surface of the planet, and that numerous micro-organisms 
of many different kinds are hard at work in their fight for 
existence. At this early stage of the evolution of our planet 
the ground was still rather warm, and a large part of the 
water that now fills the ocean basins. was still in the atmos- 
‘phere, forming a thick layer of heavy clouds. No direct 
‘sunlight could penetrate to the surface of the Earth, and 
the life that was able to exist in this damp darkness must 
necessarily have been limited to certain micro-organisms 
that could live and grow entirely without sunlight. Some 
of these primitive organisms were using as their nourish- 
ment the remainder of the organic substances dissolved in 
Ocean waters, whereas others grew accustomed to purely 
inorganic food. This second class of “mineral-eating”’ or- 
ganisms can still be found in the so-called “sulphur and iron 
bacteria,” which obtain their vital energy through the oxida- 
tion of inorganic compounds of sulphur and iron.* The 
activity of such bacteria plays quite an important role in 
the development of the Earth’s surface; the iron bacteria, 
in particular, are probably wholly responsible for the thick 
deposits of bog iron ore, the main source of iron in the 
world. 


But as time went on, the surface of the Earth grew cooler 
and cooler, more and more water was accumulated in the 
Oceans, and the heavy clouds hiding the Sun were gradually 
thinned out. Under the action of the Sun’s rays, which now 
were falling abundantly on the surface of our planet, the 
primitive micro-organisms were slowly developing the very 
useful substance chlorophyll to decompose the carbon 
dioxide of the air and using the carbon thus obtained to 
build up the organic substances needed for their growth. 
Hhis possibility of “feeding on the air” opened up new 

* The existence of such bacteria requires the presence of oxygen in the air, of 
course. 
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horizons for the development of organic life and, combined 
with the principle of collective life,t culminated in the 
present highly developed and complex forms of the plant 
kingdom. 

But some of the primitive organisms had chosen another 
way of development and, instead of getting their food di- 
rectly from the air, of which there was plenty for everyone, 
preferred to obtain their carbon compounds in the “ready- 
to-use” form as produced by laborious plants. Since this 
parasitic manner of feeding was considerably simpler, the 
surplus energy of these organisms went into the develop- 
ment of an ability to move, which was quite necessary in 
order to get the food. Not being satisfied with a purely 
vegetable diet, the parasitic branch of living things began 
to eat one another, and the necessity of catching the game 
or of running away from pursuit developed their locomotive 
ability to the high degree characterizing the present animal 
world. The most primitive locomotion device, developed by 
the cephalopods (the ‘head-legged” animals) of the early 

Silurian period and retained until the present day by the 
squids, was based on the simple rocket principle. The spin- 
dle-shaped body of these animals is enclosed in a muscular 
fold of body wall known as the mantle, which leaves, how- 
ever, some space that can be filled with water. Relaxation 
of the mantle permits the ingress of water into this cavity, 
and this water can be ejected in a powerful stream by a 
rapid muscular contraction, propelling the animal backward 
at rather high speed. The rocket principle did not prove to 
be very successful, however, and most organisms developed — 
another method for propelling themselves through the lateral 
undulations of their elongated bodies. This mechanism _ 
reached a high degree of perfection rather early in the 
development of the inhabitants of marine and terrestrial 
waters, and only such reactionary animals as the squids 
still stick to the old principle. It may be noticed, though, 
that even the squids today possess two horizontal stabilizer 
fins, which are used for slow forward swimming by means 
of wave-like undulations. 

It must be clear that swift motion through the water could 
hardly be achieved in the case of soft-bodied and easily 
deformable animals, since such motion requires rather rigid 
streamlined shapes, and the work of muscles can be much 


+1.e., the formation of complex organisms composed of many cells living 
together. 4 
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_ better transferred to the water through rigid “‘moving parts.” 
_ Another reason for the development of rigid parts of the 
_body was the necessity of protection from the attack of 
_ another “meat-eating” animal, as well as of better means 
for attacking the others. These “reasons,” combined with 
the struggle for life and the survival of the fittest, finally 
resulted in the transformation of the soft jelly-like forms 
of the animal world into the heavily armoured types with 
powerful claws, such as the crabs and lobsters of today. 
_The development of rigid parts turned out to be not only 
of great help to the animals themselves, but also to the 
modern palzontologists, who look for such remains in the 
pages of the “Book of Sediments.” Whereas information 
about the soft-bodied animals of the past can be collected 
only from occasional imprints left by them on soft sand 
and, through mere chance, preserved to the present time 
(see Plate XI), the animals with rigid shells or skeletons 
can be studied from their fossils almost as well as if they 
were living today. The whole historical period of the Earth 
and of life on its surface begins, properly speaking, from 
the time when animals began to develop rigid parts or 
bodies, and the museums of today are full of shells and 
skeletons permitting us to visualize the life forms of the 
distant past. 

At the beginning of the Paleozoic era, some 500 million 
years ago, we find ocean life developed to a comparatively 
high level. Walking along the sandy ocean beaches of that 
time, we would find bunches of greenish seaweeds thrown 
up by the waves, and would be able to make a beautiful 
collection of sea shells in the very same way that so many 
people do today. Perhaps we would not be much surprised 
to see some strange-looking animals crawling through the 
wet sand and distantly reminding us of the horseshoe crabs 
of today. These animals, known as “trilobites” and repre- 
senting one of the highest forms of life in this distant past, 
were probably developed from the soft-bodied segmented 
worms through the hardening of their skin and the fusion 
of separate segments into the head and the body. The first 
trilobites were rather small, not much larger than a pinhead, 

d had very rudimentary bodies with a badly developed 
eyeless head. Later, however, they made considerable prog- 
ress, and the deposits of the Ordovician and Silurian periods 
contain the fossils of more than a thousand highly devel- 
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oped species. At the peak of their career the trilobites at- 
tained a length exceeding one foot and possessed very gr 
tesque and highly ornamented bodies. This progress was> 
followed, however, by a rapid decline, and the late Permian | 
deposits contain only a few species of these interesting ani- 
mals. The final blow to the existence of the trilobitic race 
was evidently dealt by the revolutionary changes on the 
Earth’s surface, which, as we have seen, took place toward 
the end of the Permian period. The general elevation of 
the ground, the recession of the ocean, and the disappear- 
ance of interior water basins proved to be too much for’ 
these animals, which had ruled the surface of the Earth 
for more than 200 million years, and the race became com- 
pletely extinct at the climax of the Appalachian revolu-- 
tion. Some side branch of the primitive trilobite stock must 
have survived all the dangers of the evolutionary past, how-: 
ever, and, becoming better adapted to surrounding condi- 
tions, carried their banners down to the present time. The 
latest representatives of this ancient branch are often served 
on our table under the names of shrimps, crabs, lobsters. ete. 

Although the trilobites were exclusively marine animals, 
some of their close relatives known as “eurypterids’’ must 
have migrated up the rivers and into the interior lakes and 
develoned the habit of living in fresh water. In fact, whereas 
the earliest eurypterids, small creatures only a few inches 
long, have been found in the marine deposits of the Late 
Cambrian period, the fossilized remains of the later and 
more developed representatives of this race (up to 10 feet 
long!) are very numerous in the deposits of continental 
waters formed 100 million years later. 5) 

Compared with the ocean, life in the fresh water of rivers} 
and lakes is considerably less quiet and subject to much 
greater uncertainty. It must often have happened that sua 
continental basins were cut off from their water supply and’ 
slowly dried up. Though most of the animals living in suchi 
hasins must have necessarily perished, there was a bare: 
chance that in some rare cases individuals could adjust! 
themselves to the new conditions and continue their life 
on the dry land. These descendants of the eurynterid race, 
forced out of the water by the play of unfavourable circum- 
stances, spread over the surface of the continents and be- 
came differentiated into various species of centipedes. mille- 
pedes, scorpions, spiders, etc. Later they took to the alt 
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forming a large class of flying insects. 
_ Returning to the ocean of the Early Paleozoic era, we 
find another entirely different line of evolution. Instead of 
growing a rigid outer shell enclosing their soft body from 
without, a certain group of worms began to develop a stiff 
internal rod running along their entire body and evidently 
representing the prototype of the spinal cord in the fishes 
and higher vertebrates of today. A typical example of this 
transitional stage between ordinary worms and fish can be 
seen in the species known as “lancelet,” which exists today 
and probably represents the direct descendants of the 
primeval fish stock. These animals of worm-like appearance 
differ, however, from ordinary worms in having a car- 
lilaginous rod running along their entire length and minute 
“gill rods” supporting the side walls of the body. It is be- 
lieved that the further development of this primitive skeleton 
culminated in the formation of a spinal cord and ribs, which 
distinguish all vertebrate animals from the more primitive 
ones. It is interesting to note in this connexion that in 
sharks, which represent the first “true” fish on record and 
which were in existence as early as the Silurian period, the 
continuous spinal rod is only partly replaced by the rings 
of the cartilage, and that complete replacement is attained 
only in the later fish species and in other higher vertebrates. 
The exit of fishes from the water to dry land and their 
subsequent transformation into amphibians and _ reptiles 
were, evidentiy due to the same combined causes as in the 
case of the more primitive invertebrates and probably pro- 
seeded along the same general lines. This exit must have 
laken place some time during the beginning of the latter 
yart of the Paleozoic era, since the Upper Devonian and 
he Lower Carboniferous deposits contain some impressions 
hat have been interpreted as the footprints of primitive 
amphibians. The fossilized skeletons of these amphibians, 
abundantly preserved in the Upper Carboniferous and Per- 
mian deposits, indicate that they belonged to the now ex- 
inct group of heavily armoured animals with solidly roofed 
skulls that earned for them the name of stegocephalians 
4 ‘“roof-headed” animals). 
Some of these animals were only a few inches long, 
whereas others, especially those living during the latter part 
/ the GCarboniterois period. attained a lendth cvcdaatine 
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twenty feet. It is noteworthy that at least some species of 
stegocephalians had a third eye in the centre of their fore: 
heads, which can also be found in a very rudimentary form 
in present-day amphibians and some higher vertebrates.” 
But as in the case of so many other animal species, this 
blooming of the ancient amphibian kingdom was cut short 
by the increasing cold and dryness of the early stages of 
the Appalachian revolution, although a few of the species 
persisted well into the Triassic period. At present the am- 
phibians are represented by comparatively few species of 
small-sized, humble animals such as frogs, toads, and sala- 
manders. Some of the amphibians, however, must have com- 
pletely lost their affinity for water and migrated to dry 
land, giving rise to a large reptilian kingdom that was des- 
tined to conquer the continents and rule unchallenged for 
the next 100 million years. : 
The early reptiles were lazy, long-bodied animals, many 
of them resembling the crocodiles of today. Others had very 
peculiar shapes, with high bony fins running along their 
backs and probably serving to fend them from unexpectec 
attack (Plate XVI). All these primeval reptiles, like the 
reptiles of today, had their feet at their sides and were able 
to advance only by a rather slow sprawling across the land 
Not until the beginning of the Mesozoic era did the reptile: 
develop an erect posture more adapted to running. This 
change of posture was probably one of the main reason: 
that enabled them to conquer the land and retain a domi 
nant position throughout the long middle period of the 
Earth’s history. . os 
Parallel with the exit of animal life from the sea to dr 
land, and even probably preceding it somewhat, an anal 
ogous process was going on in the world of plants. Some 
of the terrestrial plants must have originated from seaweed: 
growing along the shore lines within the tidal zone ane 
gradually growing accustomed to the periodic recession 0 
the water. Others stemmed from the fresh-water vegetation 
that was forced to change its way of life owing to the dry 
ing out of the inland basins. The vegetation that first ap 
peared on the surface of the continents was still very simila 
to the simpler forms previously living in the water, and wa 
chiefly confined to the extensive shallow-water areas ans 
marshlands that were so widespread during the inter-revolu 
tionary periods. The forests of that distant past must hay 
presented a very gloomy and fantastic appearance, cons 
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g almost exclusively of ferns, horsetails, and club mosses, 
ich grew into giant trees (Plate XV). All these were the 

primeval spore plants carrying neither blooming flowers nor 
ruits, and it took many hundred millions of years before 

he primeval plants reached the degree of development to 

ach we are accustomed at present. 

_ Since the vegetation of that time was mostly limited to 

extensive marshlands, the trunks of the fallen forest giants 
were usually covered by a layer of water and, decomposing 
without access to the oxygen of the air, gave rise to rich 
coal deposits. This process of coal formation continued on 
an especially large scale during the middle part of the Late 
Paleozoic era, and among the yeologists of today this period 
(lasting from 240,000,000 to 180,000,000 B.C.) is accord- 
ingly known as the Carboniferous period. 


THE Great MippLte Kincpom or REPTILES 


oa 


_ The Mesozoic era of the Earth’s history is characterized 
by the splendid development of animal life on dry land 
and by the growth of small reptilian forms into giant mon- 
sters, known as dinosaurs, which challenge the most vivid 
Mmagination. As in the case of so many other forms of life, 
the race of dinosaurs started its existence in the early 
Triassic period as a group of comparatively small animals, 
hot exceeding 15 feet in length, and developed in all its 
splendour only toward the end of the era. The early dino- 
sauré were rather slenderly built and had muscular hind 
legs and powerful tails, which aided in balancing the body 
as they ran. They must have been rather similar in appear- 
ance to today’s Australian kangaroo, except for the absence 
fur and the definitely reptilian shape of the head. 

_ The further development of these primitive Triassic dino: 
saurs led to a great many other forms widely differing in 
size and in habits. The most terrifying representative of 
this group of animals was the so-called Tyrannosaurus rex, 
a huge carnivorous animal up to 20 feet in height and meas- 
uring about 45 feet from the tip of its nose to the end of 
ts tail (Plates XIIIA and XVIII). Compared with this 
-tyrannous king” of the Cretaceous period, the present king 
of beasts, His Majesty the Lion, is as harmless as a kitten. 
In striking contrast to this monster of the past stood an- 
ler representative of the kangaroo-like reptiles, known as 
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the ornithomimus. It was small in stature and distantl 
resembled the ostriches of today. These peaceful animals 
probably fed on worms and small insects exclusively and. 
instead of teeth, had a horny beak resembling that of birds: 

Besides this large group of dinosaurs, who travelled o 
their hind legs and tail and used their front paws exclu- 
sively for feeding purposes or fighting, there was another 
large branch which closely resembled the lizards of today 
except in size. The members of this group probably wer 
the most direct descendants of the early Permian reptiles 
(Plate XVI), and were less dynamic than their “two-legged’ 
relatives. Travelling through the woods of the Jurassic 
period, one might easily run into diplodocus or his mil 
brother, the brontosaurus, weighing some 50 tons and meas- 
uring up to 100 feet from the tip of the nose to the enc 
of the long tail, or into a giant stegosaurus, carrying a dis 
play of heavy armour-plate along its spine (Plate XVII), 

There was no shortage of other kinds of horned reptiles 
such as the giant ¢triceratops (Plate XVIII), for example 
or its humbler predecessor, the protoceratops, the eggs 0: 
which, through a fortunate play of chance, were preservec 
for the inquiring eyes of surprised present-day palzontol 
ogists (Plate XIIIs). 

In making our survey of the powerful Mesozoic kingdo 
of giant reptiles, we must not forget a large group which 
for some reason unsatisfied with terrestrial life, returned tc 
the seas and oceans and adjusted itself to the new condi 
tions in much the same way as the seals, porpoises, anc 
whales of today.* The waters of the Mesozoic era wert ful 
of different swimming reptiles constantly fighting among 
themselves for food. The most typical representatives of th 
marine reptiles of that time were the ichthyosaurus, rathe 
resembling a fish in its general shape, and the rather clumsy 
plesiosaurus, which must, however, have been very success 
ful in its fish-hunting expeditions, because of its long swan 
like neck (Plate XIX). 

Among the most bizarre representatives of the great mid 
die kingdom of reptiles were undoubtedly the pterodactyls 
which formed the air force of the empire. These members 
of the reptile group, which took the air, had leathern wings 
naked bodies, and sharp-toothed mouths (Plate XX). Dur- 
ing the Cretaceous period, when the kingdom of reptil 


* The reader is, of course, aware that the latter animals belong to the class 9 
mammals that returned to the sea at some stage of their evolution. 
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as at the peak of its development, these flying monsters 
ached their maximum size; specimens have been found 
easuring up to 25 feet from tip to tip of their outstretched 
ings, 

_ The flying reptiles of the Mesozoic era represent the 
transitional stage to the birds of today, as becomes evident 
from an inspection of some skeletons found in the deposits 
of the Jurassic period (Plate X). The creature that left us 
these fossilized remains is known as the archeopteryx and 
was a most peculiar combination of a typical flying reptile 
of the past and the ordinary bird of today. These half- 
reptiles, half-birds had bird-like plumage, although their 
sharp teeth, clawed wings, and long conical tails definitely 
betrayed their reptilian ancestry. One can hardly desire any 
better specimen to demonstrate the continuity of evolution 
between such seemingly different groups of animals as rep- 
tiles and birds! 

_ The kingdom of giant reptiles, with its innumerable rep- 
resentatives on the land, in the sea, and in the air, was 
certainly the most powerful and most extensive animal king- 
dom during the entire existence of life on the Earth, but 
it also had a most tragic and unexpected end. During a 
comparatively short period toward the end of the Mesozoic 
era the tyrannosaurus, stegosaurus, ichthyosaurus, plesio- 
saurus, and all the other “sauri” disappeared from the sur- 
lace of the Earth as if wiped away by some giant storm,* 
eaving the ground free for miniature mammals that had 
waited for this opportunity for more than 100 million years. 
_ The causes that led to such a sudden extinction of the 
most powerful animals that ever existed on the surface of 
yur planet have remained rather obscure. It has often been 
suggested that the chief cause was the general elevation of 
he ground in the preparation for the Cainozoic revolution 
ind the steady approach of more severe climatic conditions. 
But the extinction of intercontinental seas and marshlands 
sould not have affected a large variety of dinosaurs, which 
vere completely adapted to life on dry land, and we also 
“now that many of the species, such as the pterodactyls, 
yecame extinct long before the climate became much cooler. 
#has also been suggested that the rising kingdom of mam- 
nals was directly responsible for the fall of the old reptilian 
mpire. Nobody, of course, thinks that the tiny primitive 
TA 


* At present the survivors of this mighty kingdom are represented by only a few 
ecies, such as crocodiles, alligators, and turtles, 
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mammal, not exceeding an ordinary rat in size, could 
conquered the dinosaur in an open fight. But it is q 
possible that, in their search for food, the mammals w 
eating up the dinosaur eggs, thus disastrously reducing tl 
birth rate of these mighty animals. This hypothesis, hoy 
ever, does not explain all the facts, since a number of lar 
reptiles, such as the ichthyosaurus, probably gave birth - 
living young, and these babies were sufficiently large 1 
stand up for themselves. 

Probably the most general hypothesis that can explai 
the fall of the reptilian kingdom and many other simil 


capitulation, according to which the life of each individua’ 
repeats in its early embryonic stages all the phases of th 
development of its race. If the development of an individu 
parallels the development of the entire race, it would 
logical to expect, conversely, that the race itself should di 
sooner or later in the same way as each of its separate mem 
bers does. 


THE “Mirtxk AGE”? 


From the point of view of biology, the sentence about 
acquiring some habits “with one’s mother’s milk” makes 
very profound sense, since the presence of mammary glan 
producing the nourishing whitish liquid is the most funda- 
mental characteristic of a large group of higher animal 
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in their traits and habits; some even lay eggs, as do the 
-duckbills or the anteaters; but the unbreakable habit of 
giving good fresh milk to their babies binds them together 
into one well-defined group. The history of mammals prob- 
ably dates as far back as the Late Paleozoic era, when the 
-milk-producing organs were first developed in some small- 
ed reptiles that had become especially thoughtful about 
bringing up their babies. But through the dark periods of 


the Mesozoic era, when the land, sea, and air were under 
the permanent domination of giant reptiles, these humble 
child-loving animals had very little opportunity to develop. 
The deposits of the Jurassic period contain occasional re- 
mains of these archaic mammals, which were never larger 
than a very small dog and are most often found in associa- 
_tion with the dinosaur, for which they must have been very 
tasty food. But the fact that these remains are found al- 
Most everywhere throughout the world (especially in Africa) 
indicates that this new type of life was very successful in 
the struggle for existence and contained in itself infinite 
possibilities for further development. It is interesting to note 
that the only place in the world where the fossils of primi- 
tive mammals are not found is the continent of Australia, 
_the very same piece cf land that is now characterized by the 
exclusive presence of such primitive mammals as duckbills, 
‘spiny anteaters, and kangaroos.* This fact may be con- 
‘sidered a sign that the origin of mammals on this isolated 
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continent took place much later and in an entirely independ- 
ent way from the rest of the world, and it gives some sup- 
‘port to the hypothesis that the similarity of many living 
forms may be connected rather with general rules of evolu- 
tion in analogous surroundings than be the outcome of direct 
heredity (see the first section of this chapter). As for inde- 
‘pendent lines of evolution on different continents, one may 
also speculate regarding the relationship between the rela- 
tive speed of evolution in different localities and the cor- 
responding areas of available land. Since the progress of 
living things is achieved by the method of “trial and error,” 
pe obably mostly error,y one should expect that the rate of 
” * Kangaroos should be considered a rather primitive form of mammal. since, 

hough they do not lay eggs, they give birth to their babies in not fully developed 
ere and catry them in a skin pouch on the abdomen until they are completely 
¥ Of all the possible changes that can occur spontaneously in a living organism, 


mparatively few prove to be useful in the struggle for existence and are thus 
tuated by the process of natural selection, 
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such progress will be proportional to the number of indi- 
viduals involved. Thus evolution should proceed faster on 
such extensive playgrounds as combined Eurasia and Africa, 
somewhat slower in the Americas, and much slower on the 
isolated little continent of Australia. 

But we should not go too far into all these speculations, 
which can hardly be conclusively proved or disproved at 
the present time, and now let us return to the description of 
the progress of mammals. As was mentioned above, these 
little animals were merely muddling through during hun- 
dreds of millions of years while all the Lebensraum on the 
Earth was entirely conquered by the reptiles. But with the 
sudden disappearance of the giant reptiles, which took place 
on the eve of the Cainozoic revolution, the mammals un- 
expectedly became the sole potentates of the continents, 
and rapidly developed to the full. | 

During the Eocene period, which opens the modern age 
in the history of the animal world, the mammalian king- 
dom was very extensive and had numerous representatives 
that can be readily recognized as the ancestors of the ani- 
mals we know today. But this primitive world was charac- 
terized by the extreme smallness of all the animal forms, 
and it took a period of 40 million years for them to grow 
to their present size. The horses and camels of the Eocene 
period were about the size of a house cat, slender-bodied 
rhinoceroses were no larger than a pig, and the ancestors 
- of today’s elephants were hardly waist-high to a man. Of 
course, there was no man, not even a small one, but there 
were numerous miniature monkeys, which were probably 
already enjoying themselves by dropping coconuts from the 
tops of the trees. The beasts of prey were represented by the 
so-called creodonts, which later developed into two large 
branches of animals, the dog-like (dogs, wolves, bears) and 
the cat-like (cats, tigers, lions). 

As time went on, some of the early mammalian forms died 
out, whereas others gradually developed and grew in size. 
By the time of the Miocene period, some 20 million years 
ago, horses had grown to the size of Shetland ponies, while 
the rhinoceros had already become a formidable beast, no 
longer to be got out of the way by a mere kick. But the 
mightiest’ animals of that time were certainly the giant 
boars, the entelodonts, which were as tall as an ox and had 
a skull 4 feet long (Plate XXI). The ancestors of today’s 
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elephants also grew in size and their trunks, almost un- 
noticeable in the early stages of development, grew longer 
-and longer. On the continent of Europe and in Southern 
Asia, but not in America, one could occasionally meet nasty- 
looking great apes, known as dryopithecus and distantly 
related to the gorillas of today. 

It must not be forgotten that up to the beginning of the 
Pleistocene glaciation (see Chapter VIII) the climate of the 
Earth was much milder, with food much more abundant, 

even in the northern latitudes, and that the animals now 
found only in the tropics then ranged over large areas of 
Europe, North America, and Northern Asia. In fact, the 
fossil remains found in the deposits of that time leave no 
doubt that elephants, rhinoceroses, hippopotami, lions, 
ordinary and extinct (sabre-toothed) tigers, and many other 
animals that are now found only in equatorial Africa were 
hunting for their food over the present sites of the cities of 
_New York, Paris, Moscow, and Peiping. 
When the large sheets of ice began advancing from the 
northern regions for the first time, slowly covering large 
areas of Europe and North America, the animal and plant 
life of this region was slowly pushed southward. Many spe- 
cies, which for one reason or another were unable to migrate 
farther south, perished from the increasing cold, while the 
others became accustomed to the new climate and de- 
veloped long, warm furs protecting them from the frost of 
the polar winters. 

Probably the most impressive sight of these chilly periods 
of the Earth’s history was that of a family of heavily built 
long-tusked mammoths, covered with thick coats of brown- 
ish wool, making their way across the snow-covered conti- 
nents (Plate XXIJ). Although this race of giant hairy ani- 
mals became extinct many thousands of years ago, frozen 
carcasses of some of them can still be found in the Siberian 
tundras. One member of an expedition of the Russian Acad- 
emy of Sciences even ventured to eat a hamburger made of 

the frozen mammoth meat. Only the presence of a first-aid 
kit saved him from serious gastric distress. 

In our general survey of the progress of life on the Earth 
we are now approaching the point where it is time to speak 
of ourselves, but since the development of man represents 
but a minute incident in the history of the Earth, we shall 

peak of it very briefly. There seems to be hardly any doubt 
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that the man of today, or Homo sapiens (“clever fellow’), 
as we call ourselves in scientific discussions, developed from 
the primeval stock of anthropoid apes some time during the 
Pleistocene glacial epoch. One can imagine, for example, 
that during one of the successive advances of ice some group 
of these animals did not move south to continue its care- 
free existence in tropical forests, but remained where it was 
and was forced to get accustomed to the new, more severe 
conditions of life. The hardships that such an existence must 
have necessarily involved might easily have given the first 


FIGURE 59 
A picture of a mammoth cut into stone by a prehistoric artist on the 
wall of a cave at Combarelles, France. 


impulse for the development of the primitive brains of 
these creatures, sending them along the path of discoveries 
and inventions characterizing the entire progress of the 
human race. In spite of the fact that primitive man lived 
in a much more recent epoch than the dinosaur, for ex- 
ample, the fossil remains left by him are very scarce and 
incomplete. Even though there has been intensive search ~ 
for such remains, only very few have actually been found, — 
and those are often nothing but a couple of disconnected — 
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bones or a fragment of a jaw. The representatives of these 
ancient human races, whose bones rest in the glass cases of 
our museums, giving a headache to ethnologists who try to 
guess their mutual relationship and their age, are usually 
called after the places where the discovery was made. Thus 
we have a “Java man,” a ‘‘Peking man,” a “‘Piltdown (Eng- 
land) man,” a “Heidelberg (Germany) man,” a “Neander- 
thal (Germany) man,” and a “Cro-Magnon (France) man.” 
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FIGURE 60 
The evolution of man. 
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The last of these had evidently reached a high stage of 
development and had pronounced artistic inclinations (Fig- 
ure 59). Until recently there was no evidence of prehistoric 
man in America, but now we have evidence of a “Minnesota 
woman.” In 1931 the skeleton of a woman was found at a 
depth beyond 9 feet in laminated glacial lake clay near 
Pelican Rapids, Minnesota, and from the age of these de- 
posits it seems that this woman was drowned in the lake © 
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some 22,000 years ago. 5 

Owing to the scarcity of these prehistoric human remains — 
and the difficulty of establishing their exact age the revolu- — 
tionary line of our race can be drawn only very vaguely, ¢ 
and it seems that the few known representatives belonged — 
to some side branches rather than to the main stem of the — 
Homo sapiens of today. In Figure 60 we give a schematic a 
presentation of the time scale of the Pleistocene period and — 
the probable chronological order of the known human fos- — 
sils. As can be seen from the accompanying sketches, — 
representing the reconstruction of primitive man, they were Fs 


rather rough-looking fellows and can be called man only 
because they resembled us more closely than they resembled 
the apes. But the human race was making steady progress, 
with the size and activity of the brain increasing con- 
stantly;* and walking along the ocean beaches of today, we 
find not only seaweeds and shells as we would have a billion 
years ago but also the gay crowds of Homo sapiens cavort- 
ing and playing in the surf. 
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10. A Glimpse Into the Future 
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THE IMPENDING CATASTROPHE OF MOUNTAIN FORMATION % 


AFTER we have studied in some detail the changes that took 
place on our planet during the two billion years of its exist- 
ence and have understood the physical causes that were — 
responsible for such changes, it is quite permissible to use — 
our knowledge in a prediction of things to come. 

As we have already indicated more than once, we are now | 


* The brain of the great apes of the Miocene period had a volume of only 300 
cubic centimetres, that of early Pliocene man (Java man) 985 cubic centimetres, 
and the brain of the man of today between 1300 and 1500 cubic centimetres, = 
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_ living in the midst of a revolutionary epoch of the Earth’s 
history, when its crust trembles and crumbles under the 
action of accumulated internal stresses resulting from the 
cooling of the Earth’s body. We have also mentioned that 
there have been two gigantic outbursts of volcanic and 
mountain-making activity in this epoch so far: one about 40 
million years ago, responsible for the formation of the Him- 
alayas, the Rockies, and the Andes, and the second one only 
20 million years ago, which elevated the Alps and the Cas- 
cade Range. Although the formation of all these giant moun- 
tains represents quite an achievement, of course, it still falls 
short of the accomplishments of any of the previous revolu- 
tions. It therefore seems more than probable that the tec- 
tonic activity of the present revolution is far from complete, 
and that at some more or less remote future date humanity 
will witness catastrophes unprecedented in its past history. 
Unfortunately, it is quite impossible to predict the date 
of the next outburst or even to specify a “safety period” 
during which such a catastrophe can be guaranteed not to 
occur. To calculate the future behaviour of the Earth’s 
crust, we must know the exact distribution of various ma- 
terials in the entire thickness of the crust, its compressi- 
bility and ultimate strength, the distribution of existing 
stresses, and even the position of all cracks and other weak 
spots. But, even if an enormous amount of work by field 
geologists were able to give us all this information with the 
desired accuracy, the numerical calculations themselves 
weuld probably take thousands of years! 
We are unable to predict the date of the catastrophe 
that hangs over our heads, nor can we say much about the 
symptoms that will announce its approach. These symptoms 
will consist of strong earthquakes, volcanic eruptions, and 
general motion of the ground, to be sure, but we do not 
know how violent these phenomena must become in order 
to be no longer considered routine adjustments of the crust, 
or how long before the main outburst they will begin to 
become prominent. On the other hand, we can be fairly 

certain that when the crumbling actually begins, the Earth 
“will not be a very comfortable place to live on. In the locali- 

ties immediately affected by mountain-forming activity the 
ground will be shaken by a wild danse macabre, and tremen- 
_dous amounts of red-hot lava, erupted through the cracks 
_opened in the crust, will spread over hundreds of thousands 
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of square kilometres. Even in places far removed from the — 
site of the new mountain birth violent earthquakes and — 
most probably giant waves of the disturbed oceans will 
make life rather perilous. Za 

The only consolation we can give the reader, who is” 
probably terrified by this unpleasant perspective, is that 
it is not very likely that this catastrophe will happen during 
our lifetime. Since the entire revolutionary period extends ~ 
over tens of millions of years, the probability that the out-_ 
break will occur within, let us say, the next decade or the 
next century is negligibly small, much smaller than the 
probability of many other unpleasant events that can befall 
humanity. ; 


THe Next GLACIAL PERIOD = 


Unable to give the timetable of the future tectonic catas-_ 
trophe, we can, however, do much better in predicting the | 
climate of the future and fixing the date for the next ad-— 
vance of polar ice on the continents that today are the chief 
sites of human culture. In Chapter VIII we saw that the 
periodicity of extensive glaciation seems to be connected 
mainly with purely astronomical events, and that the suc-— 
cessive advances and retreats of ice sheets can be correlated 
with certain recurrent changes in the Earth’s orbit and in~ 
the direction of its axis of rotation. Since a good astrono-— 
mer experiences no difficulty in calculating the expected” 
changes in these elements, even for many hundred thousand _ 
years ahead, the prediction of future ice ages becomes a 


comparatively easy task. . | 
It will be remembered (Chapter IX) that there are three 
major factors affecting mean summer temperatures in the- 
Northern and Southern Hemispheres: (1) the elongation of 
the Earth’s orbit; (2) the inclination of the Earth’s axis of 
rotation to the plane of the orbit; and (3) the precession of 
the axis of rotation, which, together with the advance of the 
perihelion, determines whether the Northern or Southern 
Hemisphere will be turned toward the Sun (i.e., have a 
summer season) when the Earth passes through the most 
distant point of its orbit. It was also stated that the glacia- 
tion periods in either of the two hemispheres will occur when 
the hemisphere in question is turned toward the Sun only 
while the Earth is passing through the most distant part of 
its orbit, and when at the same time the orbit has the maxi- 
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FIGURE 61 

Diagram for predicting future glaciation periods and heat spells, con- 
; structed by the author. 

mum elongation, while the inclination of the Earth’s axis 
of rotation is at its minimum. 

_ In Figure 61 we give the variations of these three ele- 
gpents of the Earth’s motion, as calculated by the methods 
of celestial mechanics, for the past 250,000 years and for 
the next 100,000 years. The top curve gives the eccentricity 
of the Earth’s orbit, and, as we remember from the discus- 
ym in Chapter VIII, ice formation in both hemispheres 
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must be especially intensive when the eccentricity is large. 

The middle curve represents the deviations of the inclina- 
tion of the Earth’s axis from its present value of 23° 27’ 30” 
at different epochs. Since the coolest summers correspond to- 
the smallest inclinations, glaciation will be most favoured | 
at the minima of this curve. The bottom curve tells us 
which hemisphere is turned toward the Sun (i.e., has a sum-_ 
mer season) when the Earth passes through the most distant 
point of its orbit; when the curve reaches a maximum it is_ 
the Southern Hemisphere, while at a minimum it is the 
Northern Hemisphere. 

Inspecting these curves, we find that the conditions espe- 
cially favouring ice formation occurred five times during — 
the past 250,000 years, in groups of two and three. These 
are the same five recent glacial advances that we already 
recorded on the composite curve of summer temperatures in 
our hemisphere in Chapter VIII. In addition, we may note 
that the last glacial period in 25,000 B.c. was not as severe 
as the previous ones, because at that time the eccentricity 
of the Earth’s orbit was not very large, a conclusion that 
is in good agreement with geological data.* 

Turning our attention to the future now, we find that the 
conditions for the glaciation of the Northern Hemi- 
sphere will be again fulfilled in the years A.D. 50,000 and A.D. | 
90,000; and it must be expected that at these epochs much 
of North America and Europe will be covered by thick 
sheets of ice. The eccentricity of the Earth’s orbit at these 
epochs is expected to be somewhat larger than during, the 
last glacial period but smaller than during the previous 
four. Thus the two nearest advances of ice in this country 
will probably leave most of the United States untouched, 
although such cities as Boston, Chicago, and Seattle may 
find themselves at the very edge of a giant ice sheet cover- 
ing all of Canada. In Europe the ice descending from the 
Scandinavian highlands and brushing off the cities of Oslo, 
Copenhagen, Stockholm, and Leningrad will probably stop 
short before reaching London, Paris, and Berlin. It must be 
noted here, however, that although we can be reasonably 
sure about the motion of the ice sheets of the future, the 
fate of the cities of today must be considered rather 


*In fact, during the last advance of ice on Europe only a comparatively small 
part of the continent and a few isolated places in the British Isles were actually 
covered by glaciers. e 
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lubious. The interval of time separating us from the next 
vance of ice is ten times longer than the time that has 
lapsed since ancient Egyptian civilization, and it may very 
asily happen that when the glaciers begin to descend from 
he polar regions all these cities will be of only historical 
nterest to contemporary archeologists. 

_ Further inspection of the curves indicating the climates 
ii the future also shows us that before the next advance of 
ve the climate of the Earth is bound to become much 
we than it 1s at present, and that the maximum will be 
ached about the year a.v. 20,000. 

In Chapter TX we saw that tropical forests extended as 
ar north as the Canadian border, and northern Germany 
1 Europe, during the previous interglacial warm spells, and 
ere is every reason to believe that the same situation will 
€ repeated 20,000 years from now. This future extension 
f tropical vegetation, accompanied, of course, by the north- 
yard migration of all kinds of animals now found only in 
he equatorial regions of Africa or South America, will 
ye probably even greater than during the former inter- 
lacial stages, since, as we can see from Figure 61, the eccen- 
ricity of the Earth’s orbit will reach an unprecedentedly 
Ow value. Thus, we may expect that in the year a.p. 5000 
he climate of Boston, for example, will resemble that of 
Washington, D.C., in a.p. 10,000 that of New Orleans, in 
.D. 15,000 that of Miami, and in A.p. 20,000 that of the 
Vest Indies. Later on, the temperature changes will be 
eversed and by a.p. 50,000 the surroundings of Boston will 
esemble those of fur posts on Baffin Bay. 


a 


HE END oF THE CAINOZOIC AND THE FOLLOWING CHAPTERS 


Il look much as it does now, and periodic glacial advances 
smaller or larger intensity will alternate with interglacial 
farm spells. Later on, the present revolutionary activity 
Il slowly die out, and the laborious work of rain will 
illy obliterate the last hill on the surface of the Earth. 
ntinental surfaces will become flat and uninteresting, 
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and large areas will be inundated by ocean water, formin 
extensive shallow seas. The climate will become mild an 
uniform, and one will be able to travel from Florida t 
Canada without changing a suit of clothes. 

These flat inter-revolutionary continents will still be domi- 
nated by the representatives of the mammalian kingdom. 
but these will probably increase in size considerably. As w 
have seen in the previous chapter, all the animal races that 
have dominated the world during one era or another of th 
Earth’s history constantly grew in size up to the point wher 
they became extinct, and there appears to be no reason t 
believe that the present size of living mammals represent 
the upper possible limit. It may be that elephants, whi 
are already much too large even today, will be unable t 
continue their development and will vanish from the face of 
the Earth (they are already vanishing!) but all the othe 
animals, including man, seem to be quite capable of fur- 
ther growth. Thus, one can easily imagine a picture of th 
“Paleontological Museum of the Year A.D. 80,000,000,’ 
where visitors 10 or 15 feet tall inspect the fossil skeleto 
of a milk-wagon horse, which seems to them no larger than 
a dog. 

But one should not go too far along the path of fantasy; 
even if it is based on scientific fact, and here we close the 
door on the discussion of the future extinction of our human 
race, which may take place, for example, simply because of 
the degeneration of the cells and the corresponding drastic 
reduction of the birth rate. 

There is also no way of guessing which breed of animals 
will take the throne of the “Dictator of the Earth,” and we 
may well look with suspicion and a feeling of rivalry at any 
small creature that may now be crawling at our feet! 

Returning to the Earth itself, we may expect it to grow 
a thicker and thicker solid crust, which will some time be- 
come sufficiently strong to withstand any further stresses. 
At this stage of development the periodic revolutionary 
crumbling of the Earth’s surface layers will be finally 
checked, and after the last mountains have been washed 
away by rain, the surface of the continents will remain: 
for ever flat and smooth. Only the original division into 
continental massifs and ocean basins will remain intact, as 
a permanent memory of the birth of a daughter to our 
planet. 
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AS. we have seen at the beginning of this book, the Moon 
as formed about two billion years ago from a ‘giant tidal 
ulge produced on the primitive Earth by solar attraction 
nd increased beyond the limit of structural strength by 
ecidental resonance. After the first rapid jerk away from 
he maternal body of the Earth the Moon continued its 
ecessive motion, at the same time slowing down the rota- 
ion of our globe. Since its birth the distance of the Moon 
as increased from zero to its present value of 385,000 
ilometres, whereas the length of the Earth’s day increased 
rom 4 to 24 hours. 

a ut the tides continue to rise twice daily i in the oceans of 
ur planet, and the process of the recession of the Moon and 
he lengthening of the terrestrial day is steadily going on. 
ising the same methods as in the case of the past history of 
he Moon, we find that about 20 or 30 billion years from 
ow the M oon 1s due to reach its maximum distance from 
he Earth (about 20 per cent farther than now), and that at 
hat epoch the day will be as long as the lunar month, each 
gualling 47 of our present days. 

That state, in which the Moon hangs immovably above 
ne of the terrestrial hemispheres, cannot represent the final 
ord in the relations between Mother Earth and its daugh- 
sr, however, since there still remains the influence of the 
un. Detailed analysis of the situation shows that under 
ne action of solar tidal friction the Earth is due to continue 
ae slwing down of its rotation, toward the ultimate goal of 
aking the length of the day equal a year, whereas the 
loon must be slowly dragged back toward the Earth. 
This return of the Moon, however, can be expected to be 

process several times slower than its recession, for the 
Slar tides acting in this case are smaller than the lunar 
des that are now pushing the Moon away. That it may 
tke more than 100 billion years before our satellite comes 
lose to the Earth and, broken to pieces by strong gravita- 
‘onal forces, forms something like a Saturn ring around our 
la net. It must be borne in mind that in making these esti- 

ites of time the assumption was used that the tides in 
: rrestrial oceans will always continue their work in the 

n ne way as they do at present. In the next section, how- 
, we shall see that such an assumption can hardly be 
ens 6 ha ieee penlution of the Sun 
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indicates that this “central heating plant” of our planetary 
system will undergo important changes within the next 10) 
billion years. It can be expected that toward the end of 
that period the heat of the Sun will increase to such an 
extent that our oceans will be evaporated almost completely, 
and that later on the Sun will rapidly cool down again, 
freezing to the very bottom any bodies of water still left. 
on the Earth. Thus it seems that the future work of ocean 
tides is limited to less than the next 10 billion years, during 
which they will even be unable to push the Moon away to 
its maximum possible distance. Of course, when the oceans: 
disappear, or are completely frozen, there will always re- 
main the action of the body tides in the Earth. Since body 
tides are considerably lower, however, and are subject to 
much smaller friction, the time scale of the future behaviour 
of the Moon will be lengthened by a factor of 100 or even 
more. 


THE SUN WILL CLOSE THE SHOW 


In our studies of the origin and the evolutionary develop- 
ment of the Earth we have seen that its entire history is 
closely and inseparably connected with the central body of 
our planetary system, the Sun. We have also seen that: 
throughout that time, when important changes were taking 
place on the surface of our planet, the Sun itself remained 
virtually unchanged, and that its radiation, in particular, 
could not have varied more than a few per cent. But every- 
thing must come to an end, and in spite of its evidently 
tremendous internal resources, our Sun is due to cool down 
sooner or later. The problem of solar energy sources has 
always been among the most exciting problems of science, 
but its solution has become possible only within the last 
few years. 

We now know that the energy radiated by the Sun, as 
well as by other stars, is produced by the transformation 
of chemical elements that is steadily going on within its hot 
interior. The “alchemic fuel” that is responsible for the 
production of heat in the interior of the Sun is now recog- 
nized to be the familiar gas hydrogen, and the “product of 
combustion” is represented by helium, which was first dis- 
covered in the solar atmosphere. The transformation of 
solar hydrogen into helium, accompanied by the liberation 
of tremendous amounts of subatomic energy, does not go 
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on by itself, however; it requires some catalytic agents, 
which in this case are round to be the atoms of carbon and 
nitrogen. 

The amount of hydrogen contained in the body of the 
Sun at present is estimated to be about 35 per cent by 
weight, and from the rate of consumption necessary to sup- 
port solar radiation, we find that the supply of this “al- 
chenuc fuel” suffices for roughly another 10 billion years. A 
more detailed study of the processes taking place in the 
solar interior aiso leads to the conclusion that the steady 
decrease of the amount of “hydrogen fuel” will only cause | 
more violent “combustion” of what is still left, so that, 
contrary to ordinary expectations, the Sun must become 
more and more brilliant from century to century. This 
progressive increase of solar activity is taking place very 
slowly, of course, and it has been calculated that, dur- 
ing the entire geoiogical period of the last two billion years, 
it has raised the surface temperature of our Earth by only 
a few degrees. However, during the next 10 billion years 
that separate us from the epoch of the death of the Sun, the 
progressive increase of luminosity will continue steadily, and 
toward the end of that period the Sun will be about a hun- 
dred times brighter than it is now. By that time the surface 
of our planet will be heated to about the boiling point of 
water, the oceans will have evaporated, and the Earth’s 
atmosphere will be heated to such a degree that most of it 
will probably escape into interplanetary space (compare the 
discussion in Chapter IV). 

No life will be possible on the Earth any longer, and all 
its inhabitants will either perish of the heat or be forced to 
emigrate to some other distant planets, provided, of course, 
that they are highly intelligent beings and have solved the 
problem of interplanetary communication. 

After this maximum effort, similar to that of a runner 
approaching the finish line, our Sun, deprived of the last 
ounce of its “alchemic fuel,” will finally turn toward its 
deathbed. 

it was believed until quite recently that this last stage of 
solar evolution would consist of a comparatively quiet con- 
fraction of its giant gaseous body, accompanied by a rapid 
decrease of its emitted radiation. However, investigations 
carried out by the author at the time he was preparing this 
book indicate that even when “walking the last mile” our 
A 
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_ Sun will once more demonstrate its might and will burst into 
a brilliant display of fireworks. In fact, it can be shown by 
_the analysis of the physical processes that must take place 
within any star contracting toward its death, that at a cer- 
_ tain stage the steady contraction must turn into a catastro- 
phic collapse. Such a collapse into oblivion is inevitably 
connected with the instantaneous liberation of the last re- 
sources of internal energy, and the star bursts into a bright- 
“ness exceeding its normal luminosity by a factor of hundreds 
of thousands or even a billion (in the case of very heavy 
Stars). But this last effort lasts only a few days, and after 
_ the explosion the star proceeds, only more rapidly, toward 
its ultimate state of a dark and lifeless celestial body. Out- 
bursts of this kind, known as nova and supernova phenom- 
ena, are often observed in various stars in the sky, and it is 
only natural that a similar fate will befall our Sun. Since, 
however, our Sun is still full of life and, as we have men- 
tioned, contains plenty of “alchemic fuel,” it has a long life 
_to live yet. When its collapse finally takes place in the year 
A.D. 10,000,000,000 or so, the outburst of radiation will 
probably melt not only our Earth but also the other more 
distant planets. And a few years later, after “the smoke of 
the explosion” has cleared away, we will find the dying Sun 
surrounded by its family of rapidly cooling planets. There 
will be no observer to watch this sad picture, however, 
since, even if life were to continue on some of the planets 
‘up-+to the moment of final explosion, it will be surely 
destroyed by the same Sun that gave rise to it and supported 
it for so many billions of years. 

CONCLUSION 


Struggling through the chapters of the present book, the 
Treader must have received a fairly comprehensive picture of 
the evolution of our cosmic ship, the Earth, from the very 
beginning of its existence as a gaseous, and later molten, 
‘piece of matter torn away from the young Sun by some 
‘passing star, down to the very end, when it will be melted 
“again in the last desperate explosion of its dying parent. In 
order to refresh the reader’s mind, we give on page 190 a 
‘chronological chart summarizing the most important events 
of the Earth’s past and future evolution. These charts may 
also serve to point out the unimportance of human history, 

mpared with even such a tiny bit of cosmic matter as our 
ttle Earth. ; 
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